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PREFACE 


This book is the natural growth of my several years of teaching and 
consulting in structural engineering with a particular emphasis on 
prestressed concrete structures. Economic criteria and a rational 
approach to design need not necessarily depend on intuition and experi¬ 
ence but can be based on sound scientific principles coupled with 
practical constraints, [ he book is developed with detailed examples 
and illustrations to give basic concepts and a feeling for the variety of 
prestressed concrete structures. It is meant as a complete course in 
prestressed concrete structures useful for teaching advanced under¬ 
graduate and postgraduate students. Considerable literature supplied 
by various prestressed concrete manufacturers and consultants has been 
incorporated which gives the book a practical orientation. 

The first chapter develops concepts of prestressing and the second 
chapter presents introductory material for prestressed concrete. These 
two chapters together form an introduction to the subject. Chapters 
three to seven discuss the service load design of various discrete struc¬ 
tural systems such as simple composite and non-composite beams, tie 
bars, columns and piers, pipes and ring beams, and continuous beams. 
There is a greater emphasis on economic criteria of design and the 
cross sectional responses of various elements to different parameters. 
Chapters eight and nine present ultimate flexure and shear-moment 
failure criteria of design. Rigorous and approximate methods of com¬ 
putation of ultimate capacity of the beams are presented. The ultimate 
load design of prestressed concrete beams is also illustrated. 

Chapters ten and eleven discuss the design of continuum structures 
such as two way and flat slabs, folded plates, water tanks, domes and 
ring beams, as well as cylindrical shell roofs. These two chapters are 
written especially for a student or designer who does not have a basic 
background in the classical plate and shell theories, and still wants to 
design such structures. 

Chapters twelve and thirteen present design of end zones of pre¬ 
tensioned and post-tensioned prestressed concrete structural elements. 
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Preface 


A set of tables useful for the design of beams and shells is presented 
in appendix A. Relevant references to the subject are given in 
appendix B. The references given are not meant as an exhaustive 
set. 

I take this opportunity to express my thanks to Mr. S. C. Goel, 
Indian Institute of Technology, Kanpur, for his constant help at various 
stages of development of the book. I am grateful to Mrs. Jane G. 
Merriam, for her kind help in editing the book ; the Indian Institute of 
Technology, Kanpur, for providing encouraging facilities for preparing 
the manuscript; and the students who have made significant comments 
for the presentation of the book. 

Kanpur Pasala Dayaratnam 

1970 
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CHAPTER I 


CONCEPTS OF PRESTRESSING 


1.1. DEFINITION: Prestressed concrete may be defined as the 
concrete in which effective internal stresses are induced artificially with 
tensioned steel before loading the structure. An illustration of pre¬ 
stressing could be seen in the tightened waist belt of a middle aged 
lady who is about to go to a formal dinner. If the belt is tightened 
belore dinner the waist is restricted to stay within reasonable limits even 
after a heavy dinner. A simple engineering example which has used 
the principle of prestressing since several centuries is that of the formation 
of a wooden barrel. As steel ropes or bands are wound around wooden 
staves and tightened, compressive stresses are produced in the barrel. 
Undei working load conditions, the liquid in the barrel will cause tensile 
stresses which are counter balanced by the previously induced compres- 
sives ti esses. I his type of operation of tightening the steel bands before 
working operations is called prestressing. 

Concrete is poor in tension, so at sections of concrete where tension 
is expected, compressive stresses are introduced before working loads. 

I here are several methods of tensioning the steel and transferring the 
steel force to the concrete. The prestressing steel, when used in con¬ 
crete members, is usually called tendon. The systems and operations 
of pi estressing are discussed later. 




p 7 J 

^ Z - ST 
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Fig. 1.2.1 : Simply supported beam 

1.2. STRESS DISTRIBUTION: The distribution of stress and strain 
* n a simply supported beam is shown in fig. 1.2.1 assuming that the plane 
section remains plane even after bending. Certain amount of tension 
is produced in the bottom fibre by the external loads and, because 
concrete is poor in tension, some kind of tension bearing capacity has 
to be induced at the tensile zone. The tension capacity is provided in 
two ways: (i) sufficient steel can be embedded in the beam at the 
tension zone which will take the tension directly. This method is 
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defined as reinforced concrete construction; (ii) a compressive stress can 
be induced at the tension fibre through tensioned steel. This system is 
called prestressed concrete construction and it is illustrated in 
fig. 1.2.2. 

If a simply supported beam is first subjected to prestressing force of 
Pt alone, then the stresses in the beam are given by 



Where 

Pt - 

prestressing force introduced through the tendon 

A ^ 

area of cross section 

r = 

radius of gyration 

e — 

eccentricity 

yt = 

distance of the extreme top fibre from C-. G. C 

Yd = 

distance of the extreme bottom fibre from C. G. C 

fix = 

stress at top fibre in stage 1 

fbl = 

stress at bottom fibre in stage 1 



Stage 1 at transfer without any external load 


J_ L 






Stage 2 at working load 

Fig. 1.2.2 : Simply supported beam with prestress 


The self weight of the beam is neglected in this case, 
second stage when working load acts, the stresses are given by 



In the 


( 1 . 2 . 3 ) 


(1.2.4) 
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where a subscript 2 indicates stage 2 (working load) and M the bending 
moment at the section. From eq. 1.2.4, it can be seen that tensile 
stress at working load is compensated by prestressing compressive stress. 
The amount of prestressing force c P t ’ and the eccentricity ‘e’ are fixed 
by the allowable stresses. Ft cannot arbitrarily be increased just to 
compensate the negative stresses. As P t increases, ft2 also increases so 
the allowable compressive stress of concrete governs. Compensation 
of tensile force can also be achieved by increasing the eccentricity ‘e’; 
but as the eccentricity increases, f tl in eq, 1.2.1 might turn out to be a 
tensile stress beyond allowable limits. The values of P t and e have to 
be carefully selected. The advantage of providing thrust P t at the 
bottom is illustrated in example 1.2.1. 

Example 1.2.1 : A simply supported beam of span 8 m is loaded with 
a uniformly distributed load of 5000 kg/m. The cross section of the 
beam is 80 by 30 cm. Determine the stresses with and without a hori¬ 
zontal thrust of 240,000 kg acting at 20 cm below the centroidal axis. 
The self weight of the beam is included in the load. 


P Pey My 
f -A _ ± I ± - 


■> (ye=yb=y) 


240,000 240,000 x 20 X 40 

80x30 ^ i oonrCnn ^ 


4,000,000x40 

1,280,000 


1,280,000 
= 100± 150^125 Kg/sq cm. 

Stresses without horizontal thrust= ^125 kg/sq cm 
Stresses with horizontal thrust= + 75 or -|- 125 kg/sq cm 


5 0 00 kg./m 


240000kg' 


p-t- t _ i i 

4- -CGC__ 

^ 2 0 cm 

_1_ 

I— ^ 

Li 

IOC 

> ISO 

IS 

k + X 

r[ 

K- 8. 



p/a 

Pm h 

r 


Fig. 1.2.3 : Stress distribution at mid section 

It can be seen from fig. 1.2.3 that a tensile stress of 125 kg/cm 2 
exists without horizontal thrust, but with the introduction of horizontal 
thrust, there is compressive stress throughout the cross section. 


1.3. PROFILE OF TENDONS : It may be seen from example 
1.2.1 that there are two critical sections, one at mid span and another at 
end span. The stress distributions of these two sections are shown in 
fig. 1.3.1. 

From fig. 1.3.1 it can be seen that the stress distribution at the end 
section is more dominant than that at middle of the beam mainly 
because of zero external bending moment at the end section. The 
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l2 5 250 

Mid section End section 


Fig. 1.3.1 : Stress distribution—Example 1.2.1 
stress distribution due to external bending moment starts with zero 
values at the end and reaches maximum at the centre of the beam, 
whereas the stress distribution provided by the horizontal thrust stays 
constant throughout the beam. The critical stress distribution aL the 
end section can easily be avoided by providing zero eccentricity at the 
end while keeping the 20 cm eccentricity at the middle of the beam. 
Now it is necessary to discuss the transition of the eccentricity along 
the span. The stress variation along the span due to the uniformly 
distributed load is parabolic; so a tendon of parabolic profile will be 
effective to compensate the tensile stresses due to the external loads. 
Sometimes the profile is also taken as two straight lines with a bend 
at the middle of the section. These profiles are shown in fig. 1.3.2. 
The eccentricity of the tendon at the end of the beam need not 
necessarily be zero. To provide for a steep curvature, a negative 
eccentricity can also be given. The variation of vertical component 
of the tendon force will compensate the external load as illustrated in 
fig. 1.3.3. The following two examples illustrate the stress behaviour 
due to inclined profiles of the tendons. 



° en * Parabolic 

Fig. 1.3.2: Possible profiles of tendons 



Fig. 1.3.3 : Vertical component of tendon force 
Example 1.3.1 : (same as example 1.2.1 with a modification in the 
profile of the tendon) : The eccentricity at the end is—10 cm and 
at the mid section is 20 cm with a straight line variation. Determina- 
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tion of the stresses at the end and mid section (-ve sign of e indicates 
eccentricity above G. G. G.). 


5000 kg/m 



P = 240,000kg 
I -r /280000cm 4 
Mrna^ tx 40^ 10 kg cm 


Fig. 1.3.4: Example 1.3.1 
The slope of the tendon is small so 

30 

Sin tan 

The vertical component of the tendon force at the middle of the 
section 

3 


= 2 P t Sin 0 = 2x240,000 x 


40 


=36000 


= 100 ± 


) 


The horizontal component (H)=P t Gos fl^P t 
Stresses at end section of the beam: 

r _ p t , Pt ey 
A ± I 

240,000 X 10x40 
1280,000 

= (100±75) 

Stresses at mid section of the beam: In addition to the bending 
moment caused by the external load, the vertical component of the 
tendon force will also cause bending moment but in opposite direction 
(fig. 1.3.5). 

,, wL 2 5000x 8x800 

Mi — -----—=- 5 -=40 x10 5 kg cm 

o o 


Mp], — 


36000L 


36000x800 


= — 72 X 10 5 kg cm 


where : Mi = bending moment due to live load 

M p b= bending moment due to prestressing balancing force 
M = Mi + M P b= — 32X 10 6 kg cm 

f = ioo±75±(-32/40) 125 

= (lOO^TST 100) kg/sq cm 

Fig. 1.3.5 shows the stress distribution at the end and middle 
sections of the beam. It may be seen from the two previous examples 
that the profile of the cable has considerable effect on the 
distribution of stress at different sections of the beam. Another two 
examples are given to illustrate the effect of the cable profile on the 
stresses in the beam. 
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{Note : The stress pointing- towards the beam is assumed to be 
compression as given in the figures.) 


5000 kg/m 



Fig. 1.3.5: Stress distribution—Example 1.3.1 

Example 1.3.2: (same as example 1.3.1 except that the eccentricity at 
the ends is 10 cm instead of —10 cm) : The stresses distribution due to 
the external load and prestressing force are computed as done in exam¬ 
ple 1.3.1 and shown in figure 1.3.6. 


5000 kg/m 


t_ i _ i _ i - i — 

r 10 cm 240000kg. 

ZD 

A 


1 u 

A 

\ + / 

r- 

1 20 cm 

La 



L L 

l 




175 IOO 
End section 


75 

M 


50 125 

d section 


Fig. 1.3.6: Stress distribution— Example 1.3.2 
Example 1.3.3: Same as example 1.3.2 except that the profile of the 
cable is parabolic. 


5000 kg/m 

l i * * t i 





2 4 0,000kg 


Fig. 1.3.7 : Example 1.3:3 


Equation of parabola with origin at the end of the beam is 


y ~ 16000 X ) 
d 2 y = -2 

dx a 16000 - 
Vertical component of force 


Lx—x 2 
16000 
-1 
8000 


/ d 2 y \ -240,000 

‘ ("dx*"/ 8.000 

= —30 kg/cm 
= —3000 kg/m 



Fig. 1.3.0 
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The vertical component of the tendon force is uniformly distributed, 
acting upwards and is equal to 3000kg/m. 


5000 kg./ m 

J_ i _ i _ i _ i 


3 000 k g/m 




End section Mid section 


Fig. 1.3.9: Stress distribution—Example 1.3.3 
The effective vertical load on the beam is (5000—3000) = 2000 kg/m 
and is acting downwards. The stresses are calculated for this load and 
the stress distribution is shown in fig. 1.3.9. 

A comparative study of stress distribution of the four examples is 
given in table 1.3.1. Beams 2 to 5 have used the same amount of mate- 

Tablf. 1.3.1 : Stress distribution on beam with tendon 
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rial under same external load conditions except for the profile 
of the tendon. It can be seen from the stress block that the 
profile and the eccentricity of the tendon has considerable effect on the 
stresses. 

1.4. LOAD BALANCING METHOD : From the previous examples, 
it can be seen that the external load could be balanced by the 
transverse component of the cable force. A design method in 
which the external load is balanced by the transverse component 
of the cable is called ‘load balancing method 5 (1.1). Fig. 1.4.1 
illustrates the selection of cable force and profile for load balancing 
method. 

Example 1.4.1 : Provide a load balancing cable for a given cable force 
(P = 160000 kg) for the beam shown in fig. 1.4.1. 

Two alternative solutions exist for this type of problem. If the cable 
force is specified, the eccentricity could be adjusted or vice versa. In 
this example, cable force is fixed so the eccentricity is adjusted. 


T 

u 

O 

1 


5000 kg./m 

-1 —L i _LJ_LI_t_t 



6m(U 


30cm 



Fig. 1.4.1 : F.xample 1,4.1 


(Given P—calculate cable profile) 



8eP/L z = 5000 = balancing force 

• e _ 50001* 

.. e- gp 


, P 160000 

f » = A =”2400 =flr - kg/sqcm 


Where : f a = average stress 

Example 1.4.2: Determine necessary cable force to balance the 
external load of the beam shown in fig. 1.4.2 with 20 cm eccentricity 
at mid span. 
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Fig. 1.4.2: Example 1.4.2 
. , 8Pe 

Balancing lorce due to cable = -j -2 


Load to be balanced =5000 kg/m 
8Pe 


L a 


= 5000 


/. P — 200000 kg 

f a = P/A = 83.33 kg/sq cm 

Typical examples of load balancing cable profiles are shown in 
figures 1.4.3. (a) and (b). 

2P sin $ w b 

or 2P (e/ —) = Wf, 

• »„ = (WbL) 

■ - L A 


where: Wb=balancing force 

If P is fixed, e could be selected, or 
if e is fixed, P could be selected. 



(Pe/L) =w 

• Pe — ( wL ) 
• 3 " 


Fig. 1.4.3(a) 


w w 

J_ t 



i i 

h— L3 L3 L 3 


Fig. 1.4.3(b) 
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In some beams, the external load could be partially balanced by 
the cable component and the unbalanced load could be treated as effec¬ 
tive external load. Examples given in section 1.3 illustrate the partially 
balancing technique. 

1.5. BASIC PHASES OF LOADING IN PRESTRESSED CON¬ 
STRUCTION : There are about six stages in the load conditions of a 
prestressed concrete structure. Some stages of loading override some 
other stages so the effective loading conditions need not necessarily be 
six. However for the sake of clarity, all the important phases of loading 
on the structure are recorded below : 

(i) Transfer of prestressing force : Transfer condition may be defined 
as the condition at which prestressing force is transferred to the 
beam. The loads acting on the member in this stage, are the 
prestressing force and the self weight. 

(ii) Prestressing force, self weight and the superimposed loads (slab 
load etc.). 

(iii) Prestressing load, self weight, live load : The first three stages 
are more or less the stages that occur in the first few weeks of 
casting of the beam. During these few weeks, the concrete and 
steel undergo the time dependent strain variations such as shrink¬ 
age and creep of concrete and creep of steel. Because of these 
deformations, the original elongation provided for the initial pres¬ 
tressing force decreases and the amount of prestressing force avail¬ 
able also decreases. A steady state might result after a long period. 
The amount of prestressing available after a steady state, is called 
effective prestressing force. 

(iv, v & vi) Conditions (i), (ii) and (iii) of loading are repeated with 
effective prestressing force instead of initial prestressing force. 
Conditions (i) and (vi) are the critical load conditions which 
govern the allowable stresses. The two conditions may be called 
as governing conditions which are discussed in detail in 
chapter III. 

1.6. MATERIALS: This section is devoted to materials mainly used 
in the prestressed concrete construction. Because of variety of reasons 
seen later, it is necessary to have some concept about the material pro¬ 
perties used in the construction. Basically there are two materials used 
in the prestressed concrete construction and they are (i) steel, and 
(ii) concrete. 

(I) Steel: Mild and hard steels used in reinforced concrete construc¬ 
tion have a yield limit of 2000 kg/cm B to 3000 kg/cm a . If this steel is 
used in prestressed concrete and tensioned to about 2000 kg/cm a at the 
initial stage, the effective prestressing force available after shrinkage and 
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creep of concrete and creep of steel will be negligible. The approximate 
loss of prestressing due to shrinkage of concrete, creep of concrete and 
steel is estimated to be of the order of 1750 kg/sq cm to 2500 kg/sq cm. 
Obviously no prestressing force will be left in the mild steel after the 
losses. The high tensile steels have ultimate strength capacity as high 
as 21,000 kg/sq cm and the use of such steels will provide considerable 
amount of effective prestressing force even after losses in prestress. 

Prestressing steel available is mainly in the form of wires which are 
cold-drawn from high tensile steel bars. The process of cold drawing 
tends to realign the crystals and the strength of the wires is increased by 
each drawing so that the strength of the wire increases as the diameter 
decreases. The cold drawing process decreases the ductility of the 
material which is a disadvantage. High tensile steel wires are also 
obtained as 'as-drawn’ wires. These wires have low proportional limit 
and to increase the proportional limit, the wires are subjected to some 
type of stress relieving processes. Variation of ultimate stress with 
respect to the diameter of the wire is shown in fig. 1.6.1. 

The prestressing steel is also available in form of strands which are 
obtained by twisting wires together. By using strands, the number of 
units to be handled decreases. Small diameter wires of very high 
tensile strength can be used for strands. Approximate chemical com¬ 
position of the high tensile steel wires is: 

carbon = 0.60 to 0.85%, manganese = 0.7 to 1.0%, 
phosphorus = 0.05%, sulphur 0.055% and a small 
amount of silicon. 



Fig. 1.6.1 : Typical variation of ultimate 
strength w.r.t. diameter 


Physical properties: The proportional limit or yield point of high tensile 
steel is rather hard to find. Because of the absence of low carbon steel 
in the high tensile steel, the yield point does not exist. A typical stress 
strain curve of a high tensile steel is shown in fig. 1,6.2. 
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From fig. 1.6.2 it can be observed that the proportional limit or 
yield point of high tensile steel is not very clearly seen. The yield point 
of high tensile steel is generally defined at 0.2% set, i.e., at 0.2% of 
permanent inelastic deformation. The approximate yield points are 
given in table 1.6.1. 

Table 1.6.1: Approximate yield and proportional limits 


Wire 

Yield point 

Proportional limit 

Wires as drawn 

0.75 f' 8 

0.35 f' B 

Prestretched 

0.85 f% 

0.55 P H 

Temp, treated wires 

0.87 f'„ 

0.70 f's 

Strands—stress relieved 

0.90 f' s 

0.75 r s 

The modulus of elasticity 

of high tensile 

steel may be taken as 

shown in table 1.6.2. 



Table 1.6.2: Modulus of elasticity of steel 

Description 


Eg 

Cold drawn wires 


2.1 X 10® kg/cm 2 

Heat treated wires 


2.0 X 10® kg/cm 2 
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As it is rather hard to establish any positive limits for high tensile 
steels, it is desirable that sufficient tests be conducted on the specimens 
to be used in any particular job. 

The creep characteristics of high tensile wires are given in 
fig. 1.6.3. 



Fig. 1.6.3: Creep in steel 

In most of the high tensile wires, the creep is negligible upto 
0.45 f' B and it is about 3 % at 0.5 and 0.55 f s stress level. The steel 
is subjected to high tension during the first stages of construction, so 
most of the creep occurs in the early stage of construction. The wires 
and strands are generally supplied in coils of sufficient big diameter as 
not to cause any inelastic deformation. 

(ii) Concrete: Consequent to the use of high tensile steel in pre¬ 
stressed concrete construction, the concrete has to be of high strength 
character. The Indian code of practice suggests a minimum cube 
strength of 420 kg/sq cm for pre-tensioned system and 350 kg/sq cm for 
post-tensioned system. A typical concrete strength vs. water-cement 
ratio is shown in fig. 1.6.4. 



Fig. 1.6.4 : Cube strength vs. water-cement ratio 


As the water cement ratio increases, the strength of concrete 
decreases. For most prestressed concrete constructions, a water-cement 
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ratio of about 0.45 is used. For water-cement ratio less than 0.4, the 
workability of concrete decreases, with the result that compact and high 
density concrete is difficult to obtain. High workability with less 
water-cement ratio requires a higher percentage of cement and well 
graded aggregate. 12 mm to 25 mm slumps are sometimes used with 
controlled vibration. 

The strength of the concrete referred in this book is always to be 
that of a 15 cm cube at 28 days unless otherwise stated. The actual 
concrete strength after several months of casting will be higher than 
that of 2C days strength. A typical relation between strength of concrete 
with age is shown in fig. 1.6.5. 



Fig/ 1.6.5 : Strength of concrete with age 

A typical stress strain curve of a good graded concrete is shown in 
fig. 1.6.6 and the stress strain relation (1.2) may be expressed as 



Fig. 1,6.6 : Typical stress strain curve of concrete 

f 0 = E 0 «(l- - 2 f fo ) (1.6.1) 

Where € 0 = ultimate strain (about 0.003). The stress-strain curve 
of concrete is desirable for determination of ultimate load capacity of 
the beams and also for understanding Young’s modulus of the concrete 
itself. Determination of Young’s modulus for concrete is not as specific 
as it is for steel. This can be easily observed from the curve. There 





Concepts of Prestressing 


15 


have been many formulae developed to determine Young’s modulus of 
concrete; they are given below: 

(a) As per Indian code of practice : 

E c = 18,000 y'f'c (kg/sq cm) 

or E f . = 68,000+1% (psi) 

Where f' c is the 28 days 15 cm cube strength for a portland 
cement and 7 days cube strength for a rapid hardening cement. 

(b) As per American concrete institute : 

E 0 = 33y 3/2 yT f . (psi) 

Where f = weight of concrete per eft and 
P c = 6" cylinder strength (psi) 

(c) Hognestad has proposed : 

E c = 1,800,000 + 460 f' c (psi) 

Where f' c . = 28 days cylinder strength. 


(d) As per German code : 

Cube strength 
(kg/cm 3 ) 

300 

450 

600 


Corresponding cylinder E c (psi) 
strength (psi) 

3400 4.8 x 10° 

5100 5.7x 10° 

6800 6.2x 10° 


(e) British code specifies as : 

Cube strength 

(psi) 


E c (psi) 


3000 

4000 

5000 

6000 

8000 

10,000 


3x 10° 
4x 10° 
4.5 x 10 6 
5.0x10° 
6.0x10° 
6.5x10° 


It can be seen from the various specifications that there is no 
absolute basis on which Young’s modulus could be determined. Young’s 
modulus is a function of the ultimate strength of the concrete. The 
modulus of elasticity plays an important part on the deformation and 
loss of prestress characteristics. A certain amount of tolerance has to 
be assumed in the use of Young’s modulus. The Poissons’ ratio for 
prestressed concrete varies from 0.15 to 0.22and an average of 0.17 may 
be adopted in the calculations. 

7 ime dependent character of concrete shrinkage : As concrete is cast, cured 
and exposed to weather conditions, some drying and chemical changes 
take place. Consequently the concrete undergoes change in volume 
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depending upon time, moisture content, water-cement ratio and weather 
conditions. The change of deformation independent of stress is called 
shrinkage. The amount of shrinkage varies from 0 to .001. Some 
amount of the shrinkage is recoverable upon restoring the moisture 
content of the concrete. (In some extreme wet conditions with certain 
aggregates, the concrete is likely to expand.) The amount of shrinkage 
is proportional to the water-cement ratio. It is desirable to use a low 
water-cement ratio to reduce the effect of shrinkage. The aggregate 
properties also affect the shrinkage. Aggregate with low percentage 
absorption will give less shrinkage. The chemical decomposition of 
cement or even the chemical reactions in the cement will have some 
influence on the shrinkage. It is always possible to make an approxi¬ 
mate estimate of shrinkage of concrete while designing a concrete mix 
(1.3). For purposes of design, the shrinkage may be assumed as 0.0002 
to 0.0004. 

Creep in concrete : The creep strain is defined as the time dependent 
deformation resulting from the presence of stress. The creep) deforma¬ 
tion is a complex phenomenon especially in concrete. Most materials 
subjected to a particular stress level will continue to deform for a certain 
period even without any change in the stress level. Normally there is 
no creep at low stress levels, but as the stress level increases the creep 
also increases. The jereep of concrete is a function of several quantities 
such as (i) stress level, (ii) the duration of stress, (iii) age of concrete, 
(iv) previous history of stress, (v) water-cement ratio, (vi) strength of 
concrete, (vii) aggregate, (viii) cement, and (ix) weather conditions to 
which the concrete is exposed. The creep of concrete assumes an 
asymtotic behaviour tending to stabilise the strain in a longer period. 
However most of the creep occurs in the first year. The ratio of the 
final strain in time to the initial strain of concrete is called the creep 
coefficient. A typical creep curve is shown in fig. 1.6.7. The creep of 
concrete decreases with moisture and weather conditions. For the 
purposes of design the creep coefficient of concrete is taken as 2.5 to 3.0. 



Fig. 1.6.7 : Creep of concrete 
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P«r lod 


Fig. 1.G.8 : Creep of concrete 

Problems 

1.1 A simply supported beam of span Land depth h is subjected to 
self weight W K and a live load of W e . Both the loads are distri¬ 
buted uniformly over the span. Find a cable force and profile 
so that a load of W K + W e /2 is balanced by the cable. 

1.2 A simply supported beam of span L and depth h is subjected to 
self weight \V y uniformly distributed and four concentrated loads of 
each F, spaced at equal interval. Find load balancing cables 
for these loads. Adopt two different cables for the two load 
systems. 

1.3 A double overhang beam has the middle span as L and the 
overhang span on either side as L/4. Determine a prestressing 
cable for balancing a uniformly distributed load on the entire 
beam. 





CHAPTER II 


PRESTRESSING SYSTEM 
AND LOSSES OF PRESTRESS 

2.1. CLASSIFICATION: Prestressed concrete construction may be 
classified into a number of groups based on design, construction, method 
of applying prestressing and purpose of the structure. Some of them 
are discussed here. 

2.2. EXTERNAL OR INTERNAL PRESTRESSING SYSTEM: 

Introduction of a horizontal thrust through the ends of a beam can be 
achieved either through an external force or through a built up internal 
thrust. The external prestressing can be obtained by external reactions 
introduced through different support conditions. For a simply support¬ 
ed beam, the external reaction can be obtained by jacking against 
abutments as shown in fig. 2.2.1 ; a continuous beam can be prestressed 
externally by jacking the appropriate supports to get the desired effect 
(fig. 2.2.2). Economical external prestressing of statically indeterminate 
structures is not simple and is often impossible. External prestressing 
is not common even though theoretically possible. It requires greater 
degree of accuracy in planning, maintenance and execution. Shrinkage 
of the beam releases certain thrust of the external jack thus reducing 
the prestressing force on the beam. Similarly a small expansion of the 
beam will create very high thrust in the beam due to the restraint of the 
jacks. 



Fig. 2.2.1 : Externally prcstreiscd concrete simply supported beam 



Fig. 2.2.2 : Externally prestressed concrete—continuous beam 
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2.3- LINEAR OR CIRCULAR PRESTRESSING* Linear prestress* 

ing is done in straight members such as beams, piles and slabs whereas 
circular prestressing is applied to circular structures such as tanks, pipes, 
silos in which the tendons or wires are put in curve going around the 
structure. 

2.4. PRE-TENSIONING : Pre-tensioning is obtained by stressing the 
tendons in position to a predetermined amount and placing the concrete 
in position while maintaining the stress in the tendons through an 
external force system. As the concrete hardens, the tensioned tendons 
are bonded ; when the tendons are released from external jacks, the 
tendons will try to regain the original length. The concrete, as a 
result, is stressed. The tendons are strained (stressed) through hydraulic 
jacks and the strain is maintained during curing. A typical pre-tens¬ 
ioning bed is illustrated in fig. 2.4.1. Methods of prestressing, anchoring 
and other items of construction vary with patent. Since tendon force 
is transferred from steel to the concrete through bond, it is desirable to 
use small diameter wares. If the profile of the tendon is curved, then 
necessary profile fixing arrangements have to be provided. 

The tendon is stretched between two bulk heads or rigid supports 
and then anchored to supports till its force is transferred to the proper 
members. Some type of anchorage arrangements have to be provided 
for holding the tendons to the supports. 



Pre&fret.sing bed 


Fig. 2.4.1 : Typical pre-tensioning bed 

2.5. POST-TENSIONING SYSTEM: Concrete is cast while there 
is no stress in the tendon. When the concrete is hardened, the tendons 
are stretched through hydraulic jacks bearing against the concrete, The 
tendon force is transferred to the member through necessary anchorage 
wedges or similar blocks at the end of the member. A flexible hose or 
rubber tube may be used to house the tendons so that bond is not 
developed between the wires and concrete while casting or curing the 
concrete. The hose gets bonded to the concrete as the concrete sets. 
Sometimes the void between the hose and the wire is filled with a 
grouting mixture in which case the wire develops a bond with the 
concrete. This method is called bonded construction in post-tensioning 
system. In some construction, an inflated water-filled rubber hose is 
placed in position. As the concrete hardens, the pressure in the hose 
is released and the hose is pulled out leaving a duct in the concrete. The 
tendon is inserted in the duct and stressed with the help of jacks. Then 
the tendon force is transferred to the concrete through anchorages which 
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arc usually fixed at the ends of the member. In some cases of 
construction, the cable is coated with grease or bituminous material and 
then wrapped in paper so that no bond is developed between the 
concrete and the tendon. This type of construction is called unbonded 
construction. 

Post-tensioning system can be used for cither in situ or pre-cast 
construction. In most cases, the tensioning of the tendons is done in 
stages either at site or in factory. Post-tensioning construction does 
not require rigid abutments, so it is more versatile for large spans. The 
anchorage is obtained through several patent methods using wedges 
or cones and bearing plates etc. Some typical anchorage arrangements 
are shown in lig. 2.5.1. 

2.6. PARTIAL PRESTRESSED CONCRETE : A construction 
where some amount of tensile stresses are allowed to be taken by mild 
steel bars provided as i einlbicement is called a partial prestressed 
concrete construction. Ordinary reinforcement is also provided 
to take some of the stresses caused due to handling (2.1 — 2.10). 

2 7 CLASSIFICATION BASED ON METHODS OF PRESTRESS¬ 
ING: The basic principle of preslrcssiiig and the behaviour of 
pres tressed beam is more or Jess (lie same in all prestressed construction. 
However the methods of' application of prestressing force or the 
anchorage devices used iti different constructions are likely to vary. 
Based on the methods of application and construction, prestressed 
concrete is divided into several systems. There are hundreds of patents 
covering a number of prestressing systems. Every patent has its own 
method of prestressing force and its own details of anchorages. 

(a) Pre-tensioning systems : As described previously, the pre- 
tensioning system is very adaptable for factory manufacturing of 
pres tressed concrete members. There are several patents for pre- 
tensioned systems ; one of the systems, the Hoycr system has been used 
in various countries. It consists of stretching the wires between bulk 
heads placed several metres apart on prestressing bed. The prestressing 
bed itself is capable of adjusting the bulk heads and span and also of 
positioning the tendons in profile. To keep the vertical profile of 
tendons, some kind of tie downs are provided from the roof. The 
wires arc tensioned with hydraulic jacks of long strokes. The anchorage 
arrangement is simple and can be based on the wedge friction principle. 
There are several other popular patents in practice which are not 
discussed in this book. 

(b) Post-tensioning systems : In post-tensioning systems, the tension¬ 
ing is normally done with hydraulic jacks developed particularly to 
suit the patented system. The anchoring of the wires to the concrete 
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itself needs more care than the anchoring to bulk heads done in a 
pre-tensioning system. Some popular post-tensioning systems are : 
(i) Freyssinet, (ii) Magnel, (iii) Hobling, (iv) Leondhardts, (v) Lee- 
McCall, and (vi) Ryerson BBRV system. 

The Freyssinet double acting jack pulls a number of wires at a time 
using a main ram which reacts against the embedded anchorage. As 
the required tension of the wire is readied, the inner piston pushes the 
plug into the anchorage thus causing an anchorage of the wires 
without much loss of tension from anchorage take up. Similarly other 
systems use a specific type of jacking to achieve the required tension. 

The principles of anchorages can broadly be listed in three groups: 
(i) wedge action producing frictional grip on wires, (ii) direct bearing 
from rivet or bolt heads formed at the end of the wires, and (iii) 
looping of the wires around the. concrete. The Freyssinet system uses 
a concrete cylinder with a conical interior opening and cones reinfor¬ 
ced with steel wires. The conical plug lias longitudinal grooves to 
receive the wires. The cylinder is placed flush with the face of the 
concrete and serves to transmit the reaction of the jack and the prestress¬ 
ing force to the member (fig. 2.5.1). The Magnel system uses 
tapered sandwich plate with wedges as shown in fig 2.5.1. The 
Lee-McOall system uses steel rod with nut arrangement. Strescon and 
Prescon systems use rivet heads bearing against end steel plates. 
Ryerson BBKV posttensioning system does not use the friction or 



Gifford-Uclall-CCL Anchor Grip for 4, 5 & 7 mm wires used in pre- 
tensioning and in plate anchorages for post-tensioning 

(Courtesy of Killick, Nixon & Co., Ltd., Bombay) 
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wedge type of grips but inserts fiat plate shims after the necessary 
extension of the wires. There is variety of stressing and anchors used 
to suit different situations; one typical example is shown in fig. 2.5.1. 



, (a) Anchorage of Magncl system 

(Courtesy of Stressed Concrete Construction Ltd., Madras) 



(b) Freyssinet jack and other cone system 
(Courtesy of Freyssinet Prestressed Concrete Co. Ltd.. India) 
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Anchorage during stressing 

STRESSING 
ROD 


stressing adaptor 


Anchorage in stressed position 



(c) Type M stressing anchorage Ryerson BBRV System 
(Courtesy of Joseph T. Ryerson £? Son, Inc. U. S. A.) 

Fig. 2.5.1 r Typical stressing end anchorage 

2.8. LOSS OF PRESTRESS : Prestressing force is measured either 
through the extension of the prestressed wire or by a pressure gauge reading 
of hydraulic jack at the time of jacking. The force recorded at the time of 
jacking at the jack position is not necessarily the amount of force availa¬ 
ble at all sections of the beam and at various working stages of the beam. 
In addition to the analytical calculations based on reasonable assump¬ 
tions, a large amount of experimental data based on material behaviour 
has also been used to predict the loss of prestress. The various losses of 
prestressing may be due to (i) creep in steel, (ii) shrinkage of concrete, 
(iii) creep in concrete, (iv) steam curing, (v) elastic shortening of the 
member, (vi) anchorage take up, (vii) bending of the member, 
(viii) friction. 

2.9. LOSS OF PRESTRESS DUE TO CREEP IN STEEL: The 

amount of creep in steel varies from 2 % to 6 % depending on the steel 
and also on its stress level. As the stress level increases, the creep of steel 
too increases. An average of 2% to 3% creep strain may be taken 
where the stress level of steel is about 0.6 times the ultimate strength. 
Most of the creep in steel occurs in the first 1000 hours of its stress. The 
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stress on steel or concrete is not constant in the history of the structure. 
As the concrete relieves some prestress, the stress in steel drops; therefore 
the creep in steel could be assumed as relatively low. 

2.10. LOSS OF PRESTRESS DUE TO SHRINKAGE OF CON¬ 
CRETE : The loss of prestress due to shrinkage is to be calculated 
based on shrinkage of concrete. The following shrinkages are adopted 
lor design by Indian code of practice. 

For pre-tensioning concrete, total shrinkage—0.0003 

For posf^|nsioning concrete, total shrinkage—(0.0003^/log 10 (T + 2) 

w here T~*age of concrete in days at transler 

2.11. LOSS OF PRESTRESS DUE TO CREEP IN CONCRETE: 

As explained in chapter I, creep in concrete is a complex phenomenon. 
For the purpose of the design, the following creep coefficients are 
adopted by Indian code of practice. 

Tahle 2.1 1.1 *. Creep coefficients 


Conditions of exposure 

Creep coefficient 

In water 

0.5 C,i to 1.0 C, 

In humid air 

1.5 C,, to 2.0 C, 

In average humid air 

2.0 C ( l to 3.0 C v 

In dry atmosphere 

2.5 C,i to 4.0 C, 

Where the value of C ( l is taken as given 

in table 2.11.2. 

Tahi.e 2.11.2 


Ratio of strength of 
concrete at transfer 

C,! 

to that 28 days 


0.50 

2.2 

0.84 

1.5 

1.00 

1.0 
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2.12. LOSS OF PRESTRESS DUE TO STEAM CURING s Steam 
curing is often used with a pre-tensioning system. The curing period has 
to be accelerated so as to release the pre-tensioning bed and the equip¬ 
ment for further fabrication. Raising the temperature of concrete with 
steam before hardening heats the prestressed steel and thus relaxes some 
of the prestressing force. On cooling, the concrete contracts and offsets 
the strain recovery in the steel. Creep characteristics of steel changes at 
100 C C temperature; consequently there will be a considerable loss of 
prestress in the member. 

2.13. LOSS OF PRESTRESS DUE TO ELASTIC SHORTENING 
OF THE MEMBER: Elastic shortening depends upon the modulus of 
elasticity of concrete, steel and the initial prestressing force. In pre- 
tensioned construction, the prestressing force is measured while jacking 
against bulk heads. As soon as the transfer of the prestressing force 
takes place, the member undergoes an elastic deformation. While com¬ 
puting prestress losses, all the transfer force should be considered towards 
elastic shortening. 

In post-tensioned construction, wires are stretched with reaction 
against the member itself, so the elastic deformation takes place simul¬ 
taneously and the jacking or the initial stresses are independent of the 
elastic shortening. If the tensioning of wires is done in stages, the wires 
that were anchored will undergo elastic shortening while the jacking is 
done for the next stage of prestressing. The wires anchored at the very 
first time will loose a maximum of prestressing force whereas the wires 
stretched later will not undergo anv loss of prestress from elastic shorten¬ 
ing. If the prestressing is done at equal intervals, an average prestressing 
force could be taken for computing the elastic shortening. 

2.14. LOSS OF PRESTRESS DUE TO ANCHORAGE TAKE UP : 

In a post-tensioned system, an allowance should be made for slipping of 
steel at the time of transferring the tendon force from the jacks to the 
member. In most of the systems, there is likely to be a small amount 
of adjustment of anchorage cones resulting in a small amount of relaxa¬ 
tion of prestress. An average of about 0.25 cm is estimated as anchorage 
slip in wedge type of grips ; for heavy strands the slip may be 0.5 cm. 

2.15. LOSS OF PRESTRESS DUE TO BENDING OF THE 
MEMBER : Loss of prestress due to bending depends on the bonding 
character of the construction. In an unbonded construction when the 
beam bends due to external load, there is bound to be some change in the 
length of the prestressed steel, and the loss of prestress due to bending is 
illustrated in fig. 2.15.1. In bonded construction, even though there 
will be a change in the length of the tendon as the live load comes, it 
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would cause only a local effect and no effect on the prestressing force. 
As soon as the live load is taken away, the loss due to bending will be 
recovered. For design calculations while working with live loads, the 
loss due to bending has to be considered for all unbonded construction. 


Without live lood 

k t t j _ i _1 1—t— L. 

Wirh live lood 

-n -- ft 



1 ig. 2.15.1 : Effect of bending on loss of prestress 

2.16. LOSS OF PRESTRESS DUE TO FRICTION : There will be 
considerable movement of sliding of tendon relative to the surrounding 
duct during the tensioning operation. Because the tendon is in direct 
contact with the duct or with spacers provided, the friction will cause a 
reduction in prestressing force as the distance from the jack increases. 
There will also be some amount of friction in the jack and in the 
anchorage system. The loss of prestress due to friction is discussed 
below : 

(a) Friction in jack and anchorage : This friction is directly proportional to 
the jack pressure and will considerably depend upon the system 
of stressing. The loss of prestress due to this friction has to be specified 
by the patent. 

(b) Friction due to alignment variations : Whether a duct is straight or 
curved, there will be a certain amount of variation caused by vibrations 
or constructional methods in the actual alignment. The variation in the 
alignment will cause some points of contact of the wire with the duct 
and also with other wires or spacers ; this will cause friction. The 
prestressing force at any distance x from jack may be expressed as 

P x = Poe~ kx .. (2.16.1) 

Where 

P 0 — prestressing force at jacking end 
e —the base of Napierian logarithm (2.718) 

k = constant depending upon the type of duct (wobble correction 
factor). 

3^0.0015 per metre for metal sheating with good supports for sheating 
^0.003 per metre for metal sheating without rigid supports for 
sheating 

The various values of k are shown in table 2.16.1 (derivation of 
this expression is given in the next section). 
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(c) Friction in duct due to curvature : For curved tendons, the friction 
depends on the curvature. The derivation is given below with reference 
to a small element of the tendon. The normal component of P in the 
radial direction is given by 



Fig. 2.16.1 : Radial component of cable 

N=(P x + dP x ) (0 + dfl) — P x 0 = P x d0 (neglecting second order terms) 
= P X (dfl/dx) dx 

Frictional loss = dP x = /iN — MP X (dfl) 

Where = coefficient of friction 

N = normal component of force 



On integration from x to o gives 
p ) 

L °g iT = ^(0o-0x) 

Or 

P 0 =-.P^°"~ 6 ^ •• ( 2 ' 16 - 2 ) 

Let (0 O —0 V ) —a(change in slope between jacking point and the point 
under consideration) 

Loss of prestress = P 0 —P x = P x (e^ a — 1) 

Frictional loss = - e *** — 1 ^ .. (2.16.3) 

The values of frictional coefficient M varies from 0.25 to 0.55 depen¬ 
ding upon the duct surface. Approximate values are tabulated in table 
2.16.1. 

Table 2.16.1 : Frictional coefficient 



Duct 


k 

1 . 

Steel moving on 
smooth concrete 

0.30 to 0.45 

0.0015 

2. 

Duct formed by 

withdrawing 

tubing 

0.35 to 0.55 

0.0015 to 0.003 

3. 

Rubber core 

0.40 to 0.55 

0.0015 to 0.003 
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l hc total effect of friction clue to alignment and curvature may be 
wtilten as (adding the frictional force due to alignment variations to the 
curvature; : 
a v 

l' de 1 kdx) 


li« 1 kx) 


■ ■ ij ij (/*« 1 kx) . . (2.16.4) 

on integration I 1 x c 

1*„ l\ 1 |l\~|/*« : kx]P, .. (2.16.5) 

1 he various losses in pres tress due to different causes are shown in 
table 2.1 6.2. 

If P, is the transfer prrstress then jacking stress P n is given as : 

P, ~P, * (loss of preslress due to frictional effects) 

Tahi i. 2. H>.2 : Austraut or loss of frestress 
( Average values for normal conditions) 


\ature of loss Post-tensioning system Pre-tension- 

due to j- - - - ing system 

unbonded bonded 


Remarks 


1. Creep in steel 2 to 3% of 2 to 3% 1.5 to 2% 

initial prestress 

2. Shrinkage in 

concrete 0.0002 0.0002 0.0003 

3. Creep in con- 2.0 to 3.0% 2.0 to 3.0 % 2.0 to 3.0% 

crete 

4. Plastic shorte- P./2AK 1\/2AE P,/AE 

ning (Strain) 

1 f prestressing 
is done in sta¬ 
ges at ecpial 
intervals. 


5. 

Anchorage 

0.25 cm to 

0.25 cm to 

Very little 

for wires 


take up 

0.50 cm 

0.50 cm 

to strand 

6. 

Pending 

As per moment 


0 




curvature 




7. 

Steam curing 



As per 
calculation 


3. 

frictional 

(ef *a + kx_ 1) 


0 

Values of p 


effect 




& k arc 


given in 
table 2.16.1 
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Example 2.16.1 : Determination of loss of prestress in a pre-tensioncd 
prestressed concrete beam of 8 m span to carry a load or 5000 kg/m. 
The beam is prestressed with 180000 kg at transfer and (he cable has a 
parabolic profile with maximum eccentricity of H) cm at the middle of 
the span. 

Given data : 

Gross section = 30 ;< 80 cm 
=~ 18 sq cm, P t -= 180000 kg 

E s --2 '< 10 r ’ kg/sq cm, E ( =3 a K) 5 kg/sq cm 



l ; iiU 2.18.2 : Example* 2.18.1 


Solution : 

r r 180000 

Prestress at translcr-J s .10000 kg/sq cm 

(strain in steclj- ^ —3 10 ;5 


Losses of prestress due to various causes ai c computed one after 
another and finally tabulated at the end. 

(i) Elastic shortening : Elastic shortening of beam which will ailed 
the prestressing force is the cumulative compressive strain of the con¬ 
crete fibre at the steel profile level. It is rather hard to calculate exact 
shortening of the fibres at steel level if the cables do not have smooth 
profiles. Calculations could become very tedious if the cables have some 
complicated profiles. Approximate and fairly accurate methods of 
determination of loss due to clastic shortening are illustrated in this 
example. Profile of the cable which is of a parabolic form, can be given 
by 


4ex (L —x) 

~ T 2 


(2.lfi.fi) 


Where 

c v ^eccentricity of the cable at distance x from the end of the span 
Then compressive strain at steel ! 1 / P t ^ p t C 2 X \ 

level due to prestressing force J L c ^ A I I 

If is the mean elastic strain due to prestressing force, then 


L 






30 


Prestressed Concrete Structures 


On substitution of the respective quantities in the above expression € c 
works out to be 




82.5 

E c 


An approximate mean strain could be obtained by taking a mean 
value of strain at maximum and minimum strain points. In this pro¬ 
blem, minimum compressive strain occurs at support and maximum 
strain occurs at mid-span. 

ct . , P t 75 

Strain at end section = A „ — 

ALc Ee 


Strain at mid section = — 

E c 



Pt e\ 
i 


) 


89 

E c 


A . 89 f 75 82 

Approximate mean strain e c — — — 

2 he he 

As seen from the above calculations the difference between the approxi¬ 
mate mean strain and the mean strain is not very much. The diffe¬ 
rence is negligible in this particular problem. 

Loss of strain due to elastic shortening---y;’-—— 2.75 X 10 _l 

h c 

(ii) Shrinkage strain : As per Indian code of practice the shrinkage 
strain may be taken as 0.0003. 

(iii) Creep strain in concrete : Creep coefficient in average humid 
weather conditions may be taken as 2.5 for transfer of prestress at 28 
days of curing of concrete. 

Creep strain—(C r ~ 1) e t . =4.12 < K) -1 

(iv) Creep in steel : Let creep in steel be about 2% then 

Creep strain in steel—0.02 

(v) Other losses : Loss of prestress due to anchorage take up and 
friction of spacers and end block is small in pre-tensioned system. 
About 2% of strain loss may be counted due to anchorage take up and 
friction of the spacers. The loss of prestress and the corresponding per¬ 
centage is shown in table 2.16.1. 

The example gives an approximate idea of losses of prestress due to 
various reasons. Percentage loss of prestress in this example is 23.7. 
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Loss due to 

Loss of strain 

Percentage loss 

(i) Elastic shortening 

2.75 x 10 4 

5,5 

(ii) Shrinkage 

3.0x 10 4 

6.0 

(iii) Creep in concrete 

4.12 x 10- 4 

8.2 

(iv) Creep in steel 

1 X10 4 

2.0 

(v) Anchorage etc 

1 X 10 4 

2.0 

Total 

11.87x10 4 

23.7 


Effective prestress force P e is 76.3% 

71 = -^—^-= = (1 —0.237) =0.763 

G * t 

P e = T)P t =0.763x 180000=137340 kg 

Example 2.16.2 : A post-tensioned prestress concrete beam of 50 m 
span is subjected to a transfer prestress force of 93.8 X 1 0 4 kg. Transfer 
of force is at 28 day strength. Profile of the cable is parabolic with 
maximum eccentricity at mid section as 110 cm. Determine the loss of 
prestress and find the jacking force required. The beam is subjected to 
a live load of 2400 kg/m and jacking is done from both ends of the 
lieam. 

Given data: 


P t = 93.8 X 10 4 kg, A — 9471 sq cm, 

A s = 89.3 sq cm, I =6224 x 10 4 cm 4 , 
f s =10500 kg/sq cm, 

E h = 2.1 x 10 6 kg/sq cm, 

E t . = 3.82 X 10 5 kg/sq cm 
Solution : 

Elastic strain in steel at transfer condition is given by 


«s = 



10500 

2.1 xTo 6 


= 50 x 10- 4 


i) Loss due to elastic shortening : 


Elastic strain at end section = — J- 

AEn 


Elastic strain at mid section = 


2.60 x 10 4 

Me 


f AE C ^ IE C ) 


3.66x10-* 
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Where 

M — bending moment due to piestressing force and self weight of 
the beam 

Mean elastic strain — ^ 3.66 jq 4 ^ 3^3 / |q 4 

The strands arc strained at intervals so half the mean strain is the 
cllective loss in the shortening. 

Loss of strain — -----Lob, 10 1 

^iij Shrinkage in concrete : 

3/10 1 

Shrinkage -- -—, r ■■■■ —2 . 10 4 

log ' 1 ; 1) 


(iii j ( a cep in conci etc : 

Assuming a creep coclhcicnt ol 2.5, 
creep strain 1.5, 3.13, 10 1 I.bO , Iu 1 

^iv ) Cheep in steel : 

Assuming a creep strain in steel as about 2.0 , 0 
creep strain in steel 0.02 - 1.0 .10 1 


[v) Anchorage lake up : 

Let 0.25 cm be the anchorage take up at each jacking end, 


so loSvS ol strain — 


0.25 

\'~I 


1.0 . m 1 


vij Strain due to external toice : 

Strain in concrete at the steel level at mid span due to external load 
is given by 


M,c 

IE, 


~-3.47-.lt) 1 


Where Mi is bending moment at mid span due to ext. loads. 

The negative sign is given to indicate that there is a gain in strain instead 
of loss ^loeal strain at mid span). 

(vii) Frictional loss : 

Assuming a metallic sheathing, the frictional coetlicients may be 
taken as 


M = 0225 

k - 0.0015 
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As the jacking is done from both ends, effective length of 25 m span is 
taken for calculations. The profile of the cable is given by 

e * = ^ Lx-x2 ) 




=0.088 

0 


The slope change a = (0.088) radians 

Po- 


-Pt / , kL\ 


.0595 


Strain loss = } f = 0.0003 

Es A s 

The loss of prestress due to various causes are tabulated in table 2.16.2. 
Table 2.16.2 : Loss of prestress 


Loss due to 

Loss of strain 

Percentage loss 

(i) Shortening 

1.56 x 10- 4 

3.13 

(ii) Shrinkage 

2.00 x 10~ 4 

4.00 

dii) Creep in concrete 

4.69 XlO- 4 

9.38 

(iv) Creep in steel 

1.00 x 10- 4 

2.00 

(v) Anchorage take up 

1.00X 10- 4 

2.00 

(vi) Bending 

— 3.47 x 10 -4 

-6.94 

Total 

6.78 X 10 -4 

13.57 


7] = 1-0.1357 = 0.8643 
P e = 0.8643 P t = 80.9 x 10 4 kg 

p 0 = p t 4- frictional loss = (1+0.0595) P t = 99.4 XlO 4 kg 


Problems 

2.1 A simply supported beam of 16 m span is provided with a straight 
cable profile with a kink at the mid span. The cable has zero 
eccentricities at both end sections and e at mid section. If P t is 
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the prestressing force required at the mid section, determine the 
prestressing forces at both the end sections of the beam. Wobble 
and frictional coefficients may be taken as k and respectively. 

2.2 A simply supported pre-tensioned concrete beam of 8 m span is 
rectangular in cross section of 30 by 80 cm size. It is provided with 
a parabolic cable with 20000 kg prestressing force and a sag of 20 
cm. Determine the loss of prestress and find the jacking force. 
Use the following coefficients : 

k — 0.0015 per metre, ^ = 0.45, C (; = 2.0, E b = 2.1 X 10 6 kg/sq cm, 
E e — 3.2 X 10 5 kg/sq cm. 




Gifforcl-Udall-CCL 12/7 mm anchorage used for posl-tensioning 
(Courtesy of Killick , Nixon & Co., Ltd., Bombay ) 






l*rrsIrr-ssin lt operation in pmuress 
(Coiirtfty oj Ftex»mrt / J rr n/ws <.*•,/ Cnmntr (>,, l.id.. lh»ni>cn\ 



CHAPTER III 


WORKING LOAD DESIGN OF SIMPLY SUPPORTED 
PRESTRESSED CONCRETE BEAMS 

3.1. INTRODUCTION: In working load design, the stresses in member 
due to various working loads are calculated assuming elastic behaviour 
of the material. These stresses are adopted based on safety and economy 
of the material. The following basic assumptions are used in service 
load design : 

(i) Elastic and linear behaviour of the material. 

(ii) Homogeneous property of the material. 

(iii) Plane section remains plane even after bending. 

(iv) No cracking at any section. 

(v) Principal stresses not used as criteria of design. 

3.2. LOAD CONDITIONS : Prestressed concerte beams are subjected 
to two limiting conditions of loading, (i) transfer of presti ess, and (ii) 
working load. Prestressing bed and the equipment may be released for 
continuous operation by transferring the prestress before the concrete 
attains its full strength. Prestressing force decreases with time (because 
of various losses of prestress) and reaches a steady state after long period 
and by this time the concrete attains its full strength. A qualitative 
behaviour of concrete strength and the prestressing force with age is 
shown in fig. 3.2.1. Hence at transfer condition, prestressing force is 
maximum and concrete strength is minimum. 



Time:period fronvcostlnQ of concrete 


Fig. 3.2.1 : Typical stress variation 
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The second design criteria occurs when the concrete and steel reach 
a steady state with critical working loads. In this condition, concrete 
strength is maximum and prestressing force is minimum while superim¬ 
posed and live loads are at maximum. All possible load conditions that 
are likely to occur in prestress concrete construction are tabulated in 
table 3.2.1. 


Table 3.2.1 : Conditions of loading 


Load 

condi¬ 

tion 

Loads 

acting* 

Prestressing 

force 

Concrete 

strength 

Remarks 

(i) 

l’ + G 

Max (==P.) 

<t'c 

critical post tens¬ 
ioning transfer con¬ 
dition. 

(ii) 

l’ + G-l S 

Max (^Pt) 

<f'c 


(iii) 

P 1 G |S , L . I 

Max «P t ) 

<rv 

possible only if the 
L.L. acts imme¬ 
diately after casting. 

( iv ) 

P + G 

Min (SsP e ) 

>f'c 


(v) 

P + G + S 

Min (S=P e ) 

>t'e 


(vi) 

P+G + S + L-f I 

Min (S»P e ) 


critical 


♦where the letters P, G etc. indicate 
P = prestressing force ; G—self weight of beam 

S = superimposed load ; L = live load, and I=impact load. 

Load condition (ii) or (v) comes if a superimposed load such as false 
work or some slabs are imposed immediately during transfer conditions. 

3.3. ALLOWABLE STRESSES r Having determined the critical 
load conditions, it is essential to fix some limitations on the allowable 
stresses at various load conditions. A set of nondimensionalised allow¬ 
able stress coefficients are generally used and the limitations of these 
stress coefficients are given in table 3.3.1. 
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Critical 

condition 

Types of 
stresses 

Stress coefficients 

working 

I.S.* code limits 

Transfer 

compression 

C,t<c'r, 

c/pt — 0.43 to 0.50 


tension 


r.'it — 0.1 or 10/f'p 

Working load 

compression 

Ce<c po 

c\. Q — 0.31 to 0.40 


tension 

te 

c' Le = 0.1 or 10/P ( . 


*I.S. refers to Indian standards code of practice 
c # ( . t f' n = allowable compressive stress at Lransfer 
c ' t1 r c —allowable tensile stress at transfer 


c' ce f' c = allowable compressive, stress at working load 
c ' tP r c = allowable tensile stress at working load. 


3 4. CRITICAL STRESS CONDITIONS : Ext i cm e stresses occur at 
bottom and top fibres of a beam at given cross-section for each of the 
load conditions. Hence the working load design is governed by the 
extreme fibre stresses in the two load conditions. The expressions for 
the stresses are : 


Tinute jiress 


'"M 


i 




& (h 

Fig. 3.4.1 : Stress conditions at transfer 


x(-?' )- M nr- c “ r ' <c ' ur ’ 

-£/Sr+ 1 VM, Y fc 


(3.4.1) 

(3.4.2) 
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’JP./A ey b M r y b '^r( ey b +l l + M f^?, c, 

-^ +l l ,eC 


Fin;. 3.4.2 : Stress conditions at working load 

(3.4.3' 
(3.4.4) 

where 

P t = prestres.sing force at transfer 
1 moment of inertia of the beam 

M(r moment due to self weight of the beam 
L — length of span 

M; ----- bending moment at working load (M t =Mn-|-M S + M|) 
M s = bending moment due to superimposed load 
M 0 = M b +M, 

t] = effectiveness of prestressing force ( = P e /P t ) 

All values of c's are positive, so both the compressive as well as 
tensile stresses are given in magnitude without any sign attached 
to them. The centre of steel is also assumed to be below the centroidal 
axis of the beam. The quantities A, y ( , v h and I in pre-tensioned 
bonded construction should be based on fully transferred cross-sectional 
area of the beam. In post-tensioned grouted beam, these quantities 
before and after grouting are different and the effect of the grout is 
to be considered in the working load condition only. For all practical 
purposes, the gross cross sectional area is a fairly good approximation 
and is adopted in this book for all purposes of calculations. 

3 5 DIMENSIONLESS VARIABLES: 

YiTyh~h (over all height of the section) 

yt_ = _y»_ = i 

h yt+yb i + (yb/y») 


- - 1 J +Mt-p-=Ccef'c<c'e.r ( . 

- n ( cyb 4-1 ) +m, J b =cter e <c' 1P r'c 
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Substitution of Mt = M B + M g = (M fl -|-Mi+Mg) and = Ay - d — 

o 


in the four equations yield nondimensionalised equation?. 

* r_£ . 1 7 

Af'c (_h V r J (y b /yt-H) J 


J * T— / — Y— Vh/yt 
f',. h Y r / (>’h/' H- 


- 7 [ 


(yb/yt+O 


>>/y*_ 

(yii/yH-1) 


7 =c “ 


7 ~ Cct 


£ / hV_1_ 

h V r / (yh/yt+ 


yi- 2 \ f (1+M./M,) \ /hV 
Sht'c / V (yb/yt+l) j l r ) 


Pt r e 

AF C h 

+ ( 


( JlY _Ax*_+i "1 

A ) (yb/yt+l) + J 


yh/yt (J + M tt /M g ) \ / h_V_ 

(yb/yt+l) / l r ) — Ctn 


(3.5.1) 


(3.5.2) 


(3.5.3) 


(3.5.4) 


These four equations can further be simplified by introducing 
nondimensionalised parameters as suggested by Khachaturian and the 
equations are given below (3.1) : 

m [f(l + A) -'] - topd’+a) ..(3.5.5) 

-^Ar= c “ •• (3 - 5 - 6) 

m [pifTST ” 1 ] + AhY =c ” ' • (3 ' 5 ' 7) 

-n m f . \ + 1 1 + ~ o 4 ~ ~7 i~ ~r t \ ~ ~ Cte (3.5.8) 


Where 

hf'c 

= a) 

yL a 

(r/h)» =p 

yb/yt = a 


depth factor 

efficiency factor 
shape factor 


section 

properties 


M a /Mg =R .. moment ratio J 
Pt/AP c =m .. reinforcement ratio 
e/h =6 eccentricity ratio 


steel properties 
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Known and unknown quantities of the above four governing equa¬ 
tions may be classified as 

c c t, c tt , c ce and cte .known quantities 

p, a), a , €, T], m and R.unknown quantities 

Out of the seven unknowns, q can reasonably be estimated and 
recomputed if necessary. With this assumption, there are six unknowns 
in the four equations which means that at least two of the nondimen- 
sionalised parameters must be estimated to get a unique solution. 
Arbitrary estimate of any of the two parameters is done based on practi¬ 
cal and economic considerations. 

To assume values of any two parameters, a constructive discussion 
is necessary. Four out of the six parameters (a), p, /,, R) are essen¬ 
tially associated with the property of the cross section and the olher 
two parameters (m, €) are associated with steel. 

(a) Depth factor (oo = hf' c /YL 2 ) : The expression contains three known 
quantities (f' 0 , Y, L) and one unknown quantity h. Depth of the beam 
in many cases is controlled by architectural and site conditions. Even 
ifitisnot given, it can reasonably be assumed. It generally varies 
from L/15 to L/25. The elfect of the depth of the beam on economy is 
discussed later. 

(b) Efficiency factor (p=r 2 /h 2 ) : For a given depth, the efficiency 
of the section increases with the increase of radius of gyration. The 
possible range of values of P are tabulated in table 3.5.1. 

Table 3.5.1: Approximate limits of p 


No. 

Section 

Limits of p 

(i) 

All area concentrated at Cl.G.G 

0 

(ii) 

All area concentrated at the 
extreme fibres 

0.25 

(»i) 

Rectangular section 

0.0833 

(iv) 

I-section 

0.10 to 0.17 

(v) 

T-section 

0.08 to 0.10 


Higher the value of P, higher is the flexural efficiency of the section. 
The effect and mode of selection of efficiency ratio for design is discus¬ 
sed later. 

(c) Shape factor (&=y b /y t ) : The range of shape factor for 
I-section is small. For symmetric I-sections (any symmetric sections) 
the value of shape factor is unity. Approximate range of shape factors 
for practical sections is given in table 3.5.2. 







Design of Simply Supported Prestressed Concrete Beams 41 

Table 3.5.2 : Limits of a 


No. 

Section 

Limit of a 

(i) 

Symmetric sections (symmetry about 
centroidal axis) 

1.0 

(ii) 

I-section—top flange heavy 

1.0 to 1.6 

(iii) 

I-section—bottom flange heavy 

0.6 to 1.0 

(iv) 

T-section 

1.2 to 1.8 

(v) 

Inverted T 

0.6 to 0.9 


For heavy live loads and for long spans, the top flange has to be 
heavier in which case A should be chosen between 1.2 to 1.8. Even 
though the range of A is small, the effect on the limiting equations is 
considerable, so it is desirable that this value is not assumed to start 
with the design. 

(d) Moment ratio = ^ * It is difficult to fix any 

limit to the range of the value of R. As the length of the span increases, 
the ratio R decreases whereas M g is indirectly a function of M a . The 
value of R varies from 5.0 (for short spans) to 0.5 (for Jong spans). It 
should not be assumed but should be solved from the equations. 

(e) Reinforcement ratio (m = P t /Af' c ) Pt/A may be defined as 
average stress. The reinforcement ratio is simply the ratio of average 
stress to the strength of concrete. For all practical purposes, it varies 
from 0.15 to 0.30. The value of m should be computed from the 
governing equations for economical section. 

(f) Eccentricity ratio (* = e/h) : Eccentricity ratio is a measure of 
effective utilization of prestressing force. As the value of e 
increases, the required prestressing force decreases. 6 can be taken as 
high as possible but it has to be bounded by practical considerations 
such as cover, transfer condition etc. The two hypothetical limiting 
cases of € are: (i) C.G.S. at the lower kern point, (ii) C.G.S. at the 
extreme of the lower fibre. These limits of eccentricity ratio vary from 
0.25 to 0.55. The extreme value of € is limited by cover distance. 

d' is the minimum cover required then 

, _y b -d'_ y b d'_/ A d' x 

<nmlt- h - y b+yt h J. 
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If the value of d'/h is around 0.1, then 

f limit ~ 

This value varies from 0.35 to 0.40 for heavy bottom flange and 0.40 
to 0.60 for heavy top flange of 1-sections. 

Table 3.5.3. gives approximate practical limits of various non- 
dimcnsionalised parameters. 

Table 3.5.3 : Limiting values of nondimensionalised variable 



S. No. 

Section 

h 

P 

A 

R 

1 

m j 

6 

(0 

1-sec.tion with 

L/15 

0.12 

1.0 

0.5 

0.15 

0.40 


heavier top 

to 

to 

to 

to 

to 

to 


flange 

L/25 

0.17 

1.8 

2.0 

(long 

span) 

0.30 

0.60 

(») 

I-section with 

L/15 

0.10 

0.6 

1.0 

0.15 

0.35 


heavier bottom 

to 

to 

to 

to 

to 

to 


flange 

L/25 

0.14 

1.5 

5.0 

(short 

span) 

0.30 

0.40 

(iii) 

T-section 

L/15 

to 

L/25 

0.08 

to 

0.10 

1.2 

to 

1.8 

0.5 

to 

2.5 

0.15 

to 

0.30 



3.6. SOLUTION OF THE EQUATIONS : In many practical prob¬ 
lems, values of o> and p may be assumed and then four unknowns with 
the four equations can be solved for a given set of values of c/s. The 
four equations are rearranged below : 

Multiply eq. 3.5.6 by q and add to eq. 3.5.8 

A (1 -fR—q) 

=T,Cct+Cte •• < 361 ) 
Multiply eq. 3.5.5 by q and add to eq. 3.5.7 

8p^"(^+A) =T,Cu + Cce ( 3 - 6 - 2 ) 

Eq. 3.6.1 over eq. 3.6.2 yields 
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'n c ct~j -c te 

T]Ctt + Cce 


Addition of eqs. 3.6.1 and 3.6.2 yields 


l+R-n 

8po) (1-f A) 


( 1 A)—n (c c tn~Ctt) {-(Cte + Cce) 


or 

R = 8Pa> [(cte + c ce ) -f- T| (c c t + c tt)]—(1—*l) 

Dividing eq. 3.5.6 by A and subtracting from oq. 3.5.5 gives 



c ct A c it 

or m = —r—- 

1 +A 

Similarly from eqs. 3.5.7 and 3.5.8 

A C ( >e Cte 
m = - T — -- 

n (1+^j 

Substituting rhe value of A in eq. 3.6.5 yields 

__ C ct — Cit (nCot + c te )/ ( ViC tt + Coo) 

1 + (^Cft + Cte) / ( T lCtt + C ce ) 

C c t C re C tt Ct P 


(Ctt+Cct) + (Cte + Coe) 


(3.6.3) 


(3.6.4) 


(3.6.5) 

(3.6.6) 


(3.6.7) 


Adding eqs. 3.5.5 and 3.5.6 gives 

« -[p(c. + ...) +s -1;] [ ■■ < 3 - 68 > 

Eqs. 3.6.3 and 3.6.4 define the properties of the section and eqs. 
3.6.7 and 3.6.8 define the prestressing steel and its location. An 
interesting aspect about the equations is that eqs. 3.6.3 and 3.6.7 are 
functions of stress coefficients and effective ness of prestressing which 
can always be estimated reasonably well. 

Rearrangement of the above equations are presented below. 
These equations will be used for discussion on the economy of the 
section. 


*1 c Ft +c te 

^ctfhCce 


R =8 Po> (cte + ^Cct) ^ ^ — (1 — T l) 

= 8 pa> (TlCtt+Cce) ( A + 1 ) — (1 — "H) 


(3.6.3) 

(3.6.9) 

(3.6.10) 
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C c t— A C tt A Cce — Cto 

(1-f-A) 'H (1 f'A; 

jX+5-- [ P (c + co + ^r] (3.6.11) 

3.7. ECONOMIC DESIGN : Economic design of a beam may be 
achieved by obtaining minimum concrete and steel with cost factor built 
in. But in most cases, the minimum weight design will cause minimum 
dead weight moments and consequently overall economy. Hence 
minimum weight design is discussed in this article. 

Minimum weight will give minimum self weight moment and 
consequently maximum value of moment ratio (R = M B /M 1 r). R will 
be maximum for maximum value of stress coefficients for any given 
values o i'p and a) i.e. R is maximum for 

c M = c' f . ( , C M — r/ H 

Cpe — C toj c 1P —c 

If area of steel is minimum, the eccentricity will be maximum 
and if area of steel is maximum, the eccentricity will be minimum. 
For long spans, the eccentricity computed from the solution oT simul¬ 
taneous equations is ljkcly to fall beyond the bottom fibre. But the cable 
has to he kept within the cross section. The shape factor A could be so 
adjusted that the eccentricity of the cable is within the limits of the cross 
section. A marginal variation of some of the permissible stress coefficients 
would enable to modify the shape of the cross section. For example, by 
permitting tension stress at transfer less than the permissible stress, the 
shape of the cross section will adjust such that there will be more room 
available for accommodation of the cable. 

The permissible stresses fix the shape of the cross section. The 
range of the A as per the permissible stresses of the Indian code of 
practice is given in table 1 of appendix A. 

Indian code of practice for stress coefficients : 

At transfer: 



Fig. 3.7.1 : Strew coefficients (c'm) 


in = 


£ = 
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At working loads: 

(1) Stresses in service not likely to increase 

(2) Stresses in service likely to increase 



Fig. 3.7.2 : Stress coefficients (c' cr ) 

Allowable tensile stress coefficients are 
c\t=0.1 c' ub 

C t e == 0-1 C L e 

or 14 kg/sq cm for pre-tens oned and 10 kg/sq cm for post-tensioned 
whichever is minimum. 

3.8. PROPERXIES OF IDEALISED SECXIONS: Afost shapes of 
sections in actual construction are of unsymmetrical I-section. Some 
typical prestressed concrete sections arc shown in figs. 3.8.1, 3.8.2 and 
3.8.3. For long spans, beams have normally heavier top flanges. Present 
section discusses sectional properties of idealised sections for the sake of 
simplicity. 

Properties of cross section of an idealised unsymmetrical I-section. 
A— (bt tfhbi, t b -ph w b w ) 

= b t tt + bb t b +(h-t t — t b ) b w (3.8.1) 

= (bth)[c t + CfCb4 (l— c t — Cb) c w ] 

= c a (bth) . . (3.8.2) 

Where 

c t — t t /h, c b = t b /h 

c* = b >s /b tj c r = b b /b t .. (3.8.3) 

y b = (I/A)j^b t t, ( h-) + (h-t t -t„) b w + J 

-(-7r) h ["(‘- f)+=.e-c, 

[ct + c f c b +(l - c t —c b ) C W J 


— Cybh 


(3.8.4) 
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yt=h —y b 

h^ c b ^1 — -y-^c,-+c w (1—Ct—c b ) —y +C * 

[Ct + CfCb-f- (1—Ct — Cb) c w ] 

~CytH . . 

l-b L „.r j(- (Ci s -HC|C 3 n+c» (1 —ci-cb) a >-ret - j 

— ci bt h 3 


Where 


c a , Cj, Cyt) and c y t are nondimensional coefficients as given 
above expressions. 


A = 


Yb 

yt 


.s.yco-c .-^ 1 'b+b. c ( c ~g 




Cl 

C a 



Fig. 3.0.1 : Typical I-Section for long spans 



Fig. 3.0,2 : Idealised form of the I-section 


(3.8.5) 

in the 

.(3.8.7) 

(3.8.8) 
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The expressions listed in eqs. 3.8.1 to 3,8.8 are useful in studying 
the various relationships of the section. Sectional properties for various 
values of c t , c b) c w , c f are given in table 2 (Appendix A). 

3.9. GABLE PROFILE: Design procedure of a prestressed concrete 
beam consists of: 

(i) Selection of area of cross section, shape of the section and 
determination of area of steel and maximum eccentricity. 

(ii) Determination of layout of the cable to suit the other 
requirements. 

The first part has been discussed in the previous section in which shape 
and size of the sections, area of steel and maximum eccentricity are 
obtained by solving the governing equations. Eccentricity given by 
the equations ;s applicable only at mid-span of the beam. It is now 
necessary to discuss the eccentricity of the cable at different locations 
along the span. End section has to be considered as another critical 
section as discussed in chapter I. 

End section : End section of a simply supported prestressed concrete 
beam is subjected to prestressing force and external shear forces. 
Additional stresses due to secondary effects of anchorage block etc. are 
also induced at the end-section. To take care of all the secondary 
effects and practical limitations, area of the section is generally 
increased at the end. 

The four requirements at the ends are 


^x(^-l)=cttf'c<c'uf'c .. (3.9.1) 

0a (t^ +1 ) =Cct rc<c ' c ‘ f ' c ■■ (3 - 9 - 2 ) 

^(^*_ i )= Cte r c < c ' ce r c .. (3.9.3) 

-J-J (l^ +l ) =Cce f ' c<c '« f ' c • ■ ( 3 - 9 - 4 ) 


Where 0=ratio of prestressing force at mid span to that at the end 
section of the beam. This is a measure of losses due to friction. 
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Eqs. 

< 

3.9.1 to 3.9.4 may be rearranged as 

C'u f'c + 1 jr'/yt 

.. (3.9.5) 

< 

A <f> , ,, . N 

c ct f c 1 

) r 3 /Vb 

. . (3.9.6) 

c< ( 

A 0 , ,, , . s 

T)P t C taf C+1 

) r ‘/yt 

.. (3.9.7) 

«( 

A 0 c . r P 

7,1\ C C0 ‘ C ‘ 

) r=/Yb 

. . (3.9.8) 


The lowest of the values of V given by these four equations may 
be taken at the end support or it may be desirable to locate the steel 
at C. G. C. of the concrete. The value of <p may be estimated around 
0.95. 

Profile of the Pmtressing Steel : The profile of the prestressing steel 
should be determined so that the four permissible stress requirements 
are satisfied at all points along the beam. Once the eccentricities at 
mid and end sections are determined, a reasonable shape of the profile 
may be made. A smooth curve of about second degree is reasonable 
for many practical problems because this curve will compensate 
uniformly distributed loads very effectively as a balancing load. 

3 10. DESIGN PROCEDURE BASED ON FLEXURE : A discus¬ 
sion on the analysis of the beam lias been made in the previous articles. 
It is desirable to consolidate the procedure for designing a prestressed 
concrete beam. A recommended design procedure is: 

(i) Select the materials to be used and list the allowable stresses 
and stress coefficients as per the code requirements. 

(ii) Select o> and p in the range as described in the previous 
articles. Value of a) is generally obtained by other criteria 
and value of p is selected as high as possible. 

(iii) After selecting the stress coefficients, solve the eqs. 3.6.3, 3.6.4, 
3.6.7 and 3.6.8 for a, R, m and (. 

(iv) Select the section for the values of p and A, from table 2 
in Appendix A. 

(v) Check the eccentricity obtained from the governing equations 
whether it is within the practical limitations of clear cover. 

(vi) If the cover is not enough, change the stress coefficients or 
efficiency ratio to meet the reqirements. 

(vii) Calculate steel area of cross section for the calculated Pj. 

(viii) Select number of wires and check for: (a) accommodation 
of wires, (b) eccentricity, and (c) clear cover. 
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(ix) If all the three requirements mentioned in (viii) are satisfied, 
proceed to determine the losses of prepress. If the require¬ 
ments are not satisfied, select another section to suit the 
requirements. 

(x) Compute the losses in prestress if necessary. 

(xi) Check the assumed value of q. If the computed value of q 
does not check with the estimated value, recheck the design 
with the new value of rj. 

(xii) Fix the profile of the cable as discussed in section 3.9. 

(Note : Design for shear, anchorage, bond and other requirements are 
discussed later i. 

Design example 3.10.1: Design of a post-tensioned beam for the 
following data ; 

Data : effective span — 50 metres, 
live load — 2000 kg/m, 

depth of beam 2.2 metres, 

a covering coat of about 5 cm thick to be over the top flange of 
the beam, 

concrete of strength, f' ( .=450 kg/sq cm, 

high tensile steel of 5 or 7 mm wire strands are available, 

tensile strength of prestressing steel (f' H ) 15000 kg/sq cm, 

Code specifications : 

density of concrete, (y;=2400 kg/m 3 

Young's modulus, E c — I 8000 y/ f' c =3.82 X 10 5 kg/sq cm 
E s =2.1 x 10 6 kg/sq cm 

Stress coefficients: 

c' rt --=U.47, c tt = 45 q - 0 02 

c ce =0.31, c te— 45 o 
f s (at transfer) =0.7 f ' 8 
f s (at working load) = 0.6 f' B 
fs (at anchorage) =0.8 f' a 
Design Procedure: 

Trial 1 :—Assume efficiency ratio and depth of the beam. 
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Let 


then, o — 


p = 0.13 

h=L/25 = 200 cm, 

“H =0.8 

■nc'et + c'te 0.396 


*lc # ti + c V 

hf'c 


0.326 


= 1.21 


“=W = 15 

«(«,)= c 1 + ;; f r 

C«:t— /A c tt L 
€ (limit) — ^ 


p (C| t -i c^t) + 


yt»—d' 


L p 63 

l' tV(n.. '■') 


= 0.448 


€ (req) € (limit), this condition states that the eccentricity is 
beyond the lower flange. There are few possibilities through which the 
eccentricity would be reduced : 

(i) increase the depth, or 

(ii) takcc u ic'u 
Trial 2 : — 


Let h= h . v =220 cm and 
(limit) 

Ctt=—0.05 (i.e., allowing compression of 0.05 f' r 

hf'c . rr 
•• “= y L* =1 - 65 

0.39G 1 A7 

A 0.27 ~ 1-47 


‘ (rc,) -( wa r) [°- n ( — 0-05+0.47)+ 0.0763]=0.59 

‘ (limit)“( iif + - 4')“(0-595-0.D_0.495 

A preliminary design is suggested assuming eccentricity ratio as 0.5. 
Calculation of self weight and cross sectional area : 

+ i ')-(i-n) 

= 1.716 (0.396) (1.68) —0.2 = 0.94 

Assume width of top ftange as 2 metres for the purpose of calculation 
of superimposed load. Then 


R = 8 po> (Cte-|-TlC c t) 


(t 
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w*=2x 2400x0.05 = 240 kg/m (say 250 kg/m) 
w a =Wi+w s — 2250 kg/ in 

Wg= ic =2394 kR/m 



= 9975 sq cm 


Steel requirement; 


m 


Cel— A Ctt 

1+A 


= 0.22 


Pt—mA f'c=98.75 x 10 4 kg 

p 

As= 0.7lV" =94sq Cm 

Selection of section : The basic parameters obtained from the govern¬ 
ing equation may be consolidated as 

Cs =1.47, a) = 1.65, p —0.13, €-=0.5, m=0.22 

A —9975 sq cm, A s = 94 sq cm 

A suitable section to suit the requirements could either be selected from 
table 2 (Appendix A) or could be obtained from eqs. 3.0.1 to 3.8.B. 
The closest suitable section for ihe nondimensionaliscd requirements 
Irqm table 2 (Appendix A) is 

c, =0.5, =0.12, c t = 0.12, c„ = 0.12 

and the corresponding coefficients of the section from table 2 (Appendix 
A) are 

P = 0.136 c a =0.2712 

A =1.484 c, = 0.0369 

a>= 1.65 Cyi)—0.5973 

c y t=0.4027 


The stresses may now be checked for the selected section. The substi¬ 
tution of the various sectional parameter gives 

Ctt = m [ P(l+V) 1 ]- 8PO, (T+S)-“-°119<c'u 

Cct=m [ p(1Ta) +1 ]“ 8 Po (1+A) =°- 37 < c/ «‘ 

Ccc =-T,m [ppqr^y-l ]+ 8>a» 1 ff+A) =0 ' 361>C ce (n °* permissible) 

C * e =- T,m [pirr^) +1 ]+ 8 pai(i u +A) =01>c ' le (not pcrmissible) 
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It can be seen from the above expression that the stresses at working 
load condition exceed the allowable stresses, and these stresses are 
computed based on the assumed value of r\. If the actual stresses are 
marginal, then actual value of 7 1 should be computed for the particular 
section and the stresses be checked with the actual value of *n. 

Loss of prestress for calculation of q : 

(i) Elastic shortening : A mean elastic shortening could be obtained 
by totaling the elastic strains at steel level over the length and 
dividing the total elongation by the length. Due to symmetry of 
the beam, only half the length of the beam is considered and the 
loss of prestress is computed. 

Let 

mean clastic strain 
c\ - eccentricity at distance x 

then 



Let 



xy), assuming a parabolic cable profile 


The bending moment is given by 

M w^-} w H 

x — t) -(Lx x 2 ' 

From the above three equations the value of t r is given as 
(99-1 97-73.9) 


*<• 




■ —0.00032 


An approximate clastic strain may also be obtained without going 
through the integration. 


(«c) 


X^ L /s 


C ct 1 r / e \ 

"E ~\Yb) 


(«c) . 


... Pi 

AE, 

Faking a mean value of the above two 
0.000365-{-0.0002 60 


— 0.000365 

0.000260 


-0.000313 


which is fairly close to the mean elastic strain (0.00032) computed through 
integration. 

Using € c -0.00032, since the cables are strained at stages, the Joss of 
strain due to elastic shortening is t c /2 = 0.00016 

3 ■ 10 4 

(ii) 5 hr ink age strain Wvof 

*og 10 (r + 
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Taking transfer at 28 days, the loss due to shrinkage is given by 

- l 00 ^- 0 — 2 

logi 0 (30) 

(iii) Creep in concrete for a creep coefficient of 2.5 
= (2.5 — 1) * o =0.00048 

(iv) Creep in steel (3%) =*0.005x0.03=0.00015 

(v) Anchorage take-up of 0.25 cm on either end gives loss due to 
anchorage “2500 = 0.0001 

vi) Gain due to bending : 

Max. gain of strain due to bendings -^^-^0.000289 

J b ( . 

If no bond is assumed, the actual gain in stress due to bending is 

| (0.000289) n.000193 

(vii) Frictional loss : 

Let k = 0.00l5 (wobble effect per metre length) 

^ 1 —0.25 (frictional coefficient) 

e x -= y ■ j£-(I.x —**) 

/dv\ 1 10 ' 5000i 

V <lx j x ... 0 625:10' 

rt..= 0.088 (total change in the slope of the cable) 


Strain loss 


Pn-Pl _ 
Pt 

Po-Pt 


- /'■« + k 0 -\- 0.0595 


0.0003 


Summing up the losses in prestress: 


Loss due to 


Loss of strain Percentage of loss 


(i) Elastic shortening 

(ii) Shrinkage 

(iii) Creep in concrete 

(iv) Creep in steel 

(v) Anchorage take up 

(vi) Bending due to live load 


0.00016 

3.2 

0.00020 

4.0 

0.00048 

9.6 

0.00015 

3.0 

0.00010 

2.0 

0.00019 

3.8 


Total 


0.00090 


18.0 



54 


Pres tressed Concrete Structures 




0.005-0.0009 

0.005 


= 0.82 


The value of q works out to be slightly higher than assumed and 
the stress coefficients with new value of T) are not altered very much. 
The computed stress coefficients are higher than the allowable with the 
actual r\ = 0.82, so a new section has to be selected. The depth of the 
beam is restricted, so the stress coefficients could be reduced by decreasing 
the efficiency factor p of the section. From table 2 (Appendix A) a 
lower efficient section is chosen and the corresponding values are given 
below : 


New section and its properties : 

Select p = 0.1285 

a =1.68 


then from table 2 (Appendix A) 

c r = 0.5, c w 0.12, ct = 0.12, c b 0.08 
and the sectional coefficients are 

c n 0.2560, cj--0.0329, c yt) = 0.6269 and c yt -0.3731 

Since the ranges of R, €, m are known fairly well from the previous 
calculations, instead of starting with stress coefficients, let R, e, m be 
assumed and allowable stress coefficients be checked. 

Let 

( = 0.53, in = 0.24, and R = 0.94, then 
2250 

= n qa ** 2400 k S/ m 


A = 


y 


10,000 sq cm 


Calculation of stress coefficients : Using the parameters as selected in 
the previous section, the stress coefficients work out to be 


Ctt 

0.091 (c'ti' 

(permissible) 

<--et 

0.50 >(c'ci-0.47) 

(about 6.4% over stress) 

c re 

0.321; (c' ce = 0.31) 

(about 4.2 % over stress) 

Ctr 

- —0.007 < (c'te—0.02) 

(permissible) 

ho 

— (0.005—0.0009) E s = 8610 leg/sq 

cm 

ho 

=- - 861 ^- —0.57 "0.6 


f\» 

15000 



Anchorage strain —0.005-1-0.0003 (i.e. frictional loss) 
= 0.0053 


f BO = 0.0053 X E fl = 11130 kg/cq cm 



1U30 

15000 <0 ' 8 
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Actual stresses are slightly higher than the allowable. The small excess 
amount may be compensated by selecting an actual section which is 
slightly larger in area as compared to the idealised section. 

Idealised section : All the coefficients of the section are given previously. 
Using these coefficients, dimensions could be obtained as 


A = 10000 sq cm 
= 0.2560 b t h 
bt = 178 cm 

r 2 = 0.1285 h 2 = 6219 cm 2 


t t -0.12 h =26.4 cm 
t h = 0.08 h == 17.6 cm 
b w = 0.12 b t = 21.4 cm 
bh--0.5 b t = 89 cm 


Vb 0.6269 h = 138 cm 
y t = 0.3731 h = 02 cm 


e 0.53 h =1 16.6 cm 
P t —mAfV — 108 X 10* kg 

Ab= o.fr; =103 sq cm 



,dea, '“ d All dirnwision* or a m Acn*a\ 

Use 7 mm wires (No. of wires required 268 or 30 strands of 9 wires) 
Fig. 3.10.1 ; Section at mid span 


C.GC 



Cables each containing 9 nos of 7 mm wires 
Fig. 3.10.2 : Approx, arrangement of cables at mid span 
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In case, it is not possible to increase the depth of the beam because 
of the above two reasons, it is possible to adjust the allowable stress 
coefficients to keep the eccentricity within the allowable limits. The 
eccentricity could be reduced by decreasing the value of ett* In other 
words the stress coefficients should be selected as 

C( t = C|t < c'tt, C e e = c' re > c te = c te 
A box section which is capable of accommodating many cables 
in the open box area is economical in providing flexibility for high 
eccentricity while achieving the maximum permissible stresses. 

(c) Effect of strength of concrete : Variation in the area of cross section 
with strength of concrete is shown in fig. 3.11.4. As the strength of 
concrete increases, the area of cross section decreases. This straight 
forward conclusion could be made even without graphs. The graphs not 
only illustrate the qualitative nature, but also give quantitative values 
which are helpful in selecting the concrete strength. The decrease in 
the area of cross section with increase in the concrete strength is not 
rapid when compared with that of depth or efficiency ratio. It is desir¬ 
able to use a high strength concrete. However the rate of cost of high 
strength concrete is more, so a proper selection of quality in the concrete 
is to be made such that the total cost of the structure is minimum. Other 
limitations in selecting a high strength concrete are the workability, 
availability of proper equipment and skilled man power for good and 
uniform compaction. 



Efficiency ratio (P) 

Fig. 3.11.1 : Variation of crow section with efficiency ratio 
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Cube strength in kg/sq rm 

fig. 3.114 : Variation of c ross section with cube strength 

3 12 GENERALISED ALLOWABLE STRESS EQUATIONS : 

Governing equations established so far are only for simply supported 
beams. 11 is desirable to establish nondimensionalised design criteria 
for general bending moment conditions. 

Let M> -maximum bending moment 
Mj —minimum bending moment 

T he values of M, and M 2 include moments due to self weight of 
die beam and arc assumed to be of same sign. 


The allowable stress equations are : 


4( 

-1 

ey 2 ' 

)- 

MjV. 

Ar 2 f ' c 

^ c u <c'tt 

.. (3.12.1) 

JW 

1 4- 

e Yi ' 


M»y. 

t* c t ^ c r t 

.. (3.12.2) 

Af'T 

r 2 

) 

Ar*f' c 

nw ( 

Af'cV 

-i + 

e Y2 ' 
r 2 

V 

m jY. 

AHT'c 

= C(. t . ^ C ce 

.. (3.12.3) 

( 

Af',l 

i + 

e Vi 

r 8 

y 

M 2 y 1 
Ar*f ' c 

— Cte^ C te 

.. (3.12.4) 


Notations for various quantities are shown in fig. 3.12.1. 
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Introducing the nondimensionalised values as already defined in the pre¬ 
vious sections, the above equations reduce to : 


m [ 1+ >(1+A)] p(I + A) C “ 
Tii "1 X A 

“L + P 0 + A J P'l : A) CH 


( 3 . 12 . 5 ) 


( 3 . 12 . 6 ) 


—71111 


H- 


+ 


Rx 


P n + A) ; p(i+ a) 


■ Ccc 


( 3 . 12 . 7 ) 


— ii m 


( 


1 


£ A \ A Rx 
h P (l + A) ) P(1 + A) 


( 3 . 12 . 8 ) 


where 

x 


Mi 
Ah f 


( 3 . 12 . 9 ) 


or 

x~d J)Ll ^ m, and A Yl . . (3.12.10) 

\ Pt h / M i y : 

Solution of' the above equations gives the required beam dimensions. In 
any problem, the governing moments and M 2 are first located and 
then section is designed lor the moments with the bending moment due 
to self weight as an unknown quantity. The set of equations is to be 
established for a critical section of the beam and solution of the equa¬ 
tions can be obtained with some assumed parameters. This set of equa¬ 
tions is useful in solving statically determinate beams such as overhang 
beams, cantilever beams. 



Cq) Tronsfer 


(b) Service load 


Fig. 3.12.1 : Sign conventions for allowable stresses 


3.13. LOAD BALANCING METHOD : An introduction to load 
balancing method was discussed in chapter 1. The basic concept is 
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that the external load at any point on the beam is balanced by the 
transverse component of the cable force. The load balancing method is 
very effective for beams subjected to constant load conditions. Even for 
variable load conditions, partial balance of the load will be affective. 
The example of section 3.10 is reworked here with load balancing method. 
Example 3.13.1 : Same as example 3.10.1 by load balancing method 
Given data : 

effective span = 50m, live load = 2000 kg/in 
superimposed load =250 kg/in 
maximum allowable depth of the beam = 2.2 m 
f' t .=450 kg/cm 2 , f'., = 15000 kg/cin 2 

Allowable stress coellicients (for loads likely to increase) : 
c' n =c u .=0.022, c' L . t —0.47, c / ce = 0.31 


Design procedure : 

Selection of equivalent balancing load : Assume self weight of the beam 
as 2400 kg/m. This assumption is to be based on the span of the beam 
and the live load on the beam. For a span of about 50 in, the self 
weight is likely to be close to live load unless the live load is really small. 

w K =2400kg/in, w^ —250 kg/m, w! = 2000 kg/m 
w, = (w^H-WsTwi) =4650 kg/m 


If Wt is balanced completely, excessive stresses are likely to be developed 
at transfer condition. On the other hand, if only w„ is balanced com¬ 
pletely excessive stresses are likely to be developed at working load con¬ 
ditions. Therefore, it is desirable to balance an average load of the two 
conditions of loading. The radial component of cable force at working is 
less than that at transfer load condition because of loss in prestress. Let 
the load to be balanced be w D . Load to be balanced should be more 
than load at transfer but less than the working load. 


Let w b e = load balanced at working condition = 3000 kg/m 


Cable force and profile : Let the cable profile be parabolic with maxi¬ 
mum eccentricity e. The transverse component of prestressing force is 
given by 


P e 


_d*y 

dx 3 


8e P c 
L* 


then : 


8eP e 

L 3 


= Wbe = 3000 


C p e = 


3000 x 250000 
' 8 


=93.75 x 10® kg cm 
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If the external load is completely balanced, the stress at any section is 
given by 

r - p 

*»VP - ~T~ 


In a partially balanced beam, the actual stresses will be on either side of 
f ave so it is desirable to make a rough guess of w 

Let f«ve=2/3 of allowable working stress 
= 2/3 (0.31) f' 0 
=0.20 f' c 

f a vo=0.20 f' L = 90 kg/sq cm 
Since w g = 2400 kg/m, A=w g /> = 10,000 sq cm 
IWavc A 

=0.20 x 450 x 10000=90 x 10* kg 

93.75 X 10 6 __ „ 

•• 6 90x 10* 104.2 cm 

Stresses at transfer condition : 

Let rj—0.8 

Of) v 10 4 

P t =p e /0.8 = -- -£~ U =1 12.5 x 10* kg 
Equivalent load balanced at transfer condition is 


Wbt=- 


Wlu. 

T) 


8c P P 
0.8 L 2 


3000 

0.8 


— 3750 kg/m 


Actual external load at transfer is the self weight, so the load that is not 
balanced at transfer condition is —— 37504-2400= — 1350 
kg/m (acting upward). The stresses due to the load that is not balan¬ 
ced, can be calculated by beam theory and they are 
f P t My t 

Where M=;bending moment due to the load that is not balanced 
fit —stress at top fibre at transfer (tension) 

f Pt 

ht= — 


(*■)(*-) 

Pt . / M \ /_h\* f y ± \ 

A Ah J ^r J ( h J 

Pt , M 
A + Ah p (1+A) 

A = ^x = 112 ' 5 kg ^ sq cm 
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Actual compressive stress at working load condition of this method is 
more than the allowed one. Phis could be easilv avoided by increasing 
the eccentricity Tor the same prestressing force. 

Revision of the design with eccentricity = 1 10 cm 

Transfer condition : (let prestressing force remain the same.) The 
load that is balanced due to 110 cm eccentricity instead of 104.2 cm is 
given by 

—3750 ^ !04°>^3060 kg/m 

p 

— fu\e=112.5 kg/sq cm (remains same as before) 

Load that is not balanced = (2400—3960) kg/m = — 1560 kg/in 

f*t= — 112.5-j- -j^^L(55.6) = —46.2 (compressive stress) 

1350 
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f c ,= 112.5 + 93 ^y 5 Q 56 - =220.5 kg/cm* 

220.5 , Q , . 

c c t= —450“ =0 ‘ 49 ( exccss ) 

(ii) Working load condition : 

Load balanced at working load condition 
= 3960x0.8 = 3168—3170 kg/m 
Load that is not balanced = 4650 — 3170 = 1480 kg/m 


Pc 

A 

fle = 


— 1 a\ n —-90 kg/cm 8 (as before) 

33x 

1650 

68.0 x 1480 


90 + _ 114, 33x HBO kg/sq cm 


(V s 10 kg/sq cm permissible) 


90 - 


151 


1650 


51 kg/cm 2 


0.336 (not permissible, therefore revise) 

A comparison of the two solutions obtained from sections 3.10 and 3.13 
is shown in table 3.13.1. 

Table : 3.13.1 : Comparison of solutions of a beam design 

BY TWO METHODS 


Description 

Method 1 

(nondimensionalised 

parameters) 

Method 2 
(load balancing) 

A 

10000 sq cm 

10000 sq cm 

P 

0.1285 

0.1285 

A 

1.68 

1.68 

p. 

93.7 x 10 4 kg 

112.5 x 10 4 kg 

e 

116.5 cm 

110 cm 

ctt 

-0.091 

-0.107 

Cct 

0.50 

0.49 

Cte 

0.007 

0.028 

c ie 

0.321 

0.336 

A„ 

103 sq cm 

107.1 sq cm 




66 Prestressed Concrete Structures 

The load balancing method is fairly easy ; it also gives an additional 
advantage of giving directly how much effective vertical shear force is 
existing. However it is not easy to assume a very economical section 
and some amount of trial and correction procedure is to be adopted. 

Problems 

3.1 Design a pre-tensioned prestressed concrete simply supported beam 
of span 24 in for a live load of 2400 kg/m. Design by nondimen- 
sionalised parameters and load balancing methods keeping the 
depth of the beam not exceeding 120 cm, use f' r —450 kg/sq cm, 
f' H — 15000 kg/sq cm. 

3.2 Design a post-tensioned prestressed concrete balanced cantilever 
bridge of spans as shown in Tig. 3.1. The bridge is used for two 
lane traffic with a moving load of 15000 kg/m. The girders are 
arranged such that the top llanges of the girders form the main 
slab of the bridge. A 5 cm thick wearing coat is to be provided 
on the top of the flanges. Use f' ( .~400 kg/sq cm. 


» * J L_( t _l I LJ ». I J. I 

Ur.- ; i **>- 3Bf - “ *rt - 


lug. 3.1 : Problem 3.2 



CHAPTER IV 


PRESTRESSED CONCRETE COMPOSITE BEAMS 


4 1 INTRODUCTION : A pi es tressed concrete composite beam con¬ 
sists of two essential parts, (ij a prestressed concrete beam either pre-ten- 
sioned or post-tensioned, and (ii) concrete slab reinforced, or prestressed 
or even of plain concrete. Usual construction procedure consists of two 
stages : 

[ i) A prestressed concrete beam is placed in position. The beam 
is either fully or partly prestressed. 

(i A plain or reinforced concrete slab is cast in-situ over the top 
of the prestressed concrete beam. 

If the beam is partly prestressed before casting the top slab, the remain¬ 
ing prestressing is done after casting the slab. Placing of the top slab is 
done in two wavs. T he slab is cast directly on the beam with or with¬ 
out overhang so that the total shuttering is wholly supported by the 
prestressed concrete beam itself. If (lie slab is fairly wide and the 
beam is not to be overstrained with the load of shuttering and wet 
concrete of the slab, the slab is cast partly supported by a shuttering not 
directly resting on the beam. 

The concrete slab hardens and acts together with the girder to form 
a composite section. The precast beams are cast with controlled con¬ 
crete of high strength, the slab with less strong concrete. If the slab has 
to act together with the precast beam, a strong bond has to be genera¬ 
ted between the beam and the slab. When the composite section bends, 
the top fibre of the beam and the bottom fibre of the slab should have 
the strain compatibility of a single member. Some kind of connectors 
joining the two parts have to be provided to achieve single unit action. 
These connectors are essentially under shear force so they are called 
“shear connectors”. The integral connection is achieved by providing 
shear keys at the top fibre of the beam along the span, or leaving the 
top of the beam unfinished and even sometimes roughened for casting 
the slab over the beam. Vertical ties are also provided 
along the span to prevent separation of the slab from the beam. It is 
desireable to treat the junction of the slab and the beam as a construc¬ 
tion joint. The deformation of composite section with and without 
shear connectors is shown in fig. 4.1.1. 
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(a) Composite section without shear connectors 



(I)) Composite sec tin with shear connectors 
l<ig. 4.1.1: KHcel of slu ar connec tors in c omposite construc tion 


4 2. ALLOWABLE STRESS CONSIDERATIONS : There are three 
critical conditions of loading in composite construction which may be 
considered for design purposes : 

( i ) Transfer condition : The beam is subjected to the transfer 
prestressing t forcc and self weight of the beam. 

( ii) Casting of slab condition : The beam is subjected to transfer 
prestress, self weight of the beam, self weight of the wet slab 
and other superimposed loads due to shuttering etc. 

(iii) W orking load condition : The composite beam is subjected to 
effective prestressing force, self weight of the beam and the 
slab, other superimposed and external working loads. 

In general, the third condition dominates the second condition 
so the first and the last conditions are real for design considera¬ 
tions. The stresses due to live loads are to be superimposed on the 
stresses caused due to second condition This is a reasonably good 
and safe assumption because the slab hardens in the elastic deformed 
shape of the beam at second stage. The differential shrinkage of the 
slab and the beam affects the actual stress distribution. For the 
sake of simplicity of design, the shrinkage stresses are treated separately 
and superimposed on working load stresses. The expressions for 
stresses in the extreme fibre of the beam for these two critical conditions 
can be written as 

A (? l-1 )^ Mr V' =Ct,f C<c ‘“ f ' r '• 

T + 1 j-M, Y ' Crt fc<Cct f'c 


(4.2.2) 
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- T|-J- ( + ’ Mal)-y—1-Ma 

-=c,, 0 fV <c'.. 0 f', .. (4.2.3) 

- n A ( C r ^‘ *- 1 ) L t- Nf * +M*, + M sl ) -y + M, ( ^ ) 

= c, e f'.. .. (4.2.4) 

Where 

M bs = bending moment duo to self weight oi the slab 

IVb, = bonding moment duo to superimposed loads before the 
concrete hardens 

I f . = moment of inertia of the gross composite section about its 
centroidal axis 

Yh,- distance of the bottom fibre of the beam from the 
centroidal axis of the composite section 

y h , ^ distance of the top fibre of the beam from the centroidal 
axis of the composite section 

1 he stress distribution at three conditions are shown in fig. 4.2.1. 
The moment of inertia of the composite section is to be calculated 
by considering the relative properties of the materials of the slab and 
the beam. Since the strength of the slab is different from that of the 
beam, the stresses in the slab and the beam will differ for any given 
strain. It is desirable to transform the area of the slab based on 
relative strength. The transformed area of the slab is to be considered 
while working with the sectional properties of the composite section. 
Areas of the beam and the slab have to be transformed proportional to 
the modulus of elasticity of the two materials. 

The total width of the slab will not be effective in acting together 
with the beam if the width of the slab exceeds certain limits, so the 
width of the slab should also be restricted. The width of the slab 
should not be greater than 

(i) one fourth of the span of the beam, 

(ii) centre to centre distance of the adjacent beams, and 

(iii) twelve times the least thickness of the slab or web 

The exact effective width of the slab has to be obtained based on 
shear lag and since the shear lag is not very well defined in the concrete 
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Transfer condition 



WgS 



CasLing of slab 



Working load condition 
Fig. 4.2.1 : Loading conditions 



(a) Actual composite section (b) Effective, composite section 

bg, <1/4 span of the beam or <12 t* or < centre to centre of the beam 
Fig. 4.2.2 : Composite section 
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structures, the effective width is generally obtained from some 
approximate theoretical and experimental data. The effective slab 
width is illustrated in fig. 4.2.2. 

43. NONDIMENSIONALISED ALLOWABLE STRESS EQUA¬ 
TIONS ; It is observed in chapter HI that the nondimensionalised 
equations give a basis to establish an economical section. Eqs. 4.2.1 to 
4.2.4 are nondimensionalised by introducing the same parameters (A, m, 
6, R, P and a>) which were discussed in the previous chapter. The non¬ 
dimensionalised equations are very similar to the equations developed 
by Khachaturian (4.1). 

Now 


M, , . 1 
i (vt) r,: 


VAL 2 / h \ 1 

jrv 

-) (h 


1 !- A 


I 

rripTid- a) 


Eqs. 4.2.1 and 4.2.2 reduce to: 


( P O + a) 1 ) 


i 


P (H- A ; 

i A 

P (T+a) 


+ 1 


8p<u M +A) 


8 Pu (I -i- a) 


"Clt 




(4.3.1) 

(4.3.2) 


Further 


.... (V A -|- YA~ 8 + w„) L 2 

(Mr+ Mus+Mgi) — - -- j. 


(Mr -|-M ee + M B i) yt 


r,i 


r , j Mrs , M„] ~| 

Cl [ Mr ' Mr J 


8 DP (1 4- A ) 


A 1 Mr J 


Let 


Now 


Ie = ujc I, Ybc - U be yi. and y tli = u tc yt 
M a ytc _ M^R y tc 


f'o Ic 


f'c Ic 


(-St-) (^) 


-(■ 


1 


8 OJP ( 1 A ) 


) R ) 


Let = R S1 and = X, then on substitution of the above 
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quantities, the eqs. 4.2.3 and 4.2.4 reduce to 


p (1-l-a) 


8 QiP (1 d - A ) 


1 ~hX +R«i -f- K 


nm \P( 1 + a) + 1 ) + « a>P (1 + A) 


1 + X +R»i -i- R 


O, . . (4.3.3; 


c te .. (4.3.4) 


For ready reference, all the governing equations are given here: 


P (1 -I- A) 


1 


C "‘ m V MTT7T) 4 1 


0 Pa)( 1 -f A ) 


8 up (i-f A l 


C, e llm {p ( 1|- A ) 1 ) ^ 8PO) (1 + A) 


1 X-f Rri j 


C|e ” 71 m \T~(iTK) “ M ) f 8 po»(i#a; 


1 \-\-\- Rfii -h 


Eqs. 4.3.1 and 4.3.3 give 


R»i + R —1 
»lc J 


8 p qj (1 -f~ A) 

and eqs. 4.3.2 and 4.3.4 give 
A \ -r\ }- I f X f-R e t + R 


q Cn : C 0 


- - — q ett -f" Cot 

8 p a) (I f A) 

A combination of the above two expressions yields 


(1 _T l) 4~X *-Rri f R 


(1—q) H-X + Rsif-R 


q Cpi -{-Ct* 
q Ctt + Coe 


(4.3.1) 


(4.3.2) 


(4.3.4) 
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or & 


CetH- Cte 

T| C tf 4- C l?e 


l-Ti + x FRsi f R —\ 


Ulo 


-’1-rA.f- R.si + R 


Ubc 
U| p 


7 1 c ct~j~ c t< ‘ 
“Hctt -f-c C0 


' Vhcre J-n+x+Rrt + R 

»io 

Xc- 


1 — f\ "rX-f-RsiH - R — 


ujbr 

Ulc 


Xo ..(4.3.5) 


(4.3.6) 


From eqs. 4.3.1 and 4.3.2 
Ac t f 

m - -- 

1-}-A 

m * l 

p (1 4 A) ~ m ' <: " 1 8 pa> I !-A) 

inf A , (‘ ~i - A) _ 

p (1 + a ) 1 L,:t i ‘ 8>Q)(H-A) 

A combination of the alcove two expressions yields 
m f (1 + A ) _ , (1-t-A) 

p(l + A) 1 “ + ^ 8pco(l +a) 


(4.3.7) 


or m f = (ett -f c,. t ) P + 


1 

8 Li) 


Therefore, € 


it 


P (ett + Cot) + 


1 1 

»0) J 


(4.3.8) 


From eqs. 4.3.3 and 4.3.4 

(l — X-r R.i + R. ,0 . p(l J - *)[*. ‘I’ ’1 "> ( p (, + .) ” ')] 

(■ +i+r " ^ r z) ="■+’"»G (i+v +i )] 


R 


or (Utc-iibc)=8 0)p (1 + ) C ce 

n lc 


[■ 


etc 


+ n rn - 1 


)] 


Therfore, 


= 8 a>p [(AC^-cto)- r,m(l + A)J 


R - fu.p-u^A ) [(^ c oe - Cu,) -Tim (H-A)].. (4.3.9) 


4.4. SOLUTION OF THE GOVERNING EQUATIONS: The 

four eqs. 4.3.1 to 4.3.4 give a criteria for design of a section. The 
unknown values in the four equations are q, A, m, R, p, a), X, R a j, 
Ubr, utc, ui c . Out of these 12 unknowns, some of them are indirectly 
known. In general, the slab dimensions are known and, therefore. 
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all the quantities associated with concrete slab are defined. Some 
quantities like q, p, a) could be assumed reasonably well. The four 
equations may now be solved with the following assumptions: 

Assume quantities q, p, cd, X, Rhi, u tir , u (r , and then solve for 

A, m, R which arc the basic sectional details. On the above basis, 
the solution of the equations may now be written as: 


A — X. f 


T l c ct4" c te 
qcu -[-Cco 


c f . t — Ac t t 
1 -1- A 


1 

m 


P (^ti + Cft) -f- 


J-l 

00) J 


^ _ fiU|p 0)P(1 + A ) 

(11 tr* — Uhr) A 


Ac ( . e —Cte —qm(l + A )] 


(4.3.5) 

(4.3.7) 

(4.3.8) 

(4.3.9) 


4 5 RANGES OF NONDIMENSIONALISED PARAMETERS : 

(ij Depth factor (o> ~hf',./yh); efficiency factor (p= r 2 /h 2 ) ; shape factor 
( A ~ yi»/yt) i eccentricity ratio (« — e/h) ; reinforcement factor (m = Pt/ 
Af' 0 ) ; and moment ratio (R — M a /M K ) have already been discussed in 
the previous chapter. 

(ii; Composite section factor ( x r .) : It can be observed from eq. 4.3.6 
that the value of \ v tends to unity for a non-composite section. 



Fig. 4.5.1 : Composite section 


It could be seen from fig. 4.5.1 that ut 0 and ui, ( . ^ 1. The value 
of ute is in the range of 0.80 to 1.0, u hP in the range of 1.0 to 1.20 and the 
value of R generally varies in the range of 0.7 to 3. Hence the range 
of X. c will be from 0.90 to 1. For many practical purposes, Xc may be 
assumed as 0.95 and A be solved from eq 4.3.5. The procedure for 
design is same as given in chapter III. All these equations reduce to a 
non-composite section by srtting A rs equal to zero. 


4.6. SHRINKAGE STRESSES : The composite construction consists 
of concrete of two different mixes cast at two different intervals. The 
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shrinkage in the beam is more or less completed by the time the slab 
starts shrinking. The differential shrinkage causes stresses in composite 
construction. Assuming a certain shrinkage in the slab, strain com¬ 
patibility has to be satisfied from which the stresses due to shrinkage are 
computed. Let € a — shrinkage strain in slab and if the slab is comple¬ 
tely restrained, the force developed due to the restraint is given by 

Pa = 6aE«A n .... (4.6.1) 



Fig. 4.0.1 : Differential shrinkage stress 


The stresses due to shrinkage force are now computed using a simple 
beam theory. The extreme fibre stresses due to shrinkage are : 

U = (- P > + p ae a y 1 ,,\ .. ,4.6.2) 


bis — — 


<»■=-(-£+ r ‘V~) 

( Pa _j_ Pft e a Vtc \ 

V A7 U ) 


Pa , Pa e a yti'n 

A e + " I, 


(4.6.4) 


. (4.6.5) 


Where 


fbb = stress at bottom fibre of the beam 

f tb = stress at the top fibre of the beam 

hja = stress at bottom fibre of the slab 

f t8 = stress at top fibre of the slab 

y tcg = distance of top fibre of the slab from the C. G. C. of the 
composite section 

fa = €a E('s 

E C s = Young’s modulus of concrete of the slab 

The stresses that are computed are approximate but are good for practi¬ 
cal purposes. More exact stresses could be obtained by considering the 
mutual strain compatibility at the junction of the slab and the beam. 
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The shrinkage stresses are in addition to the stresses at working load 
conditions. It is necessary to superimpose the stresses at working load 
on the shrinkage stress and then check the allowable stresses. The 
allowable stress coefficients at working load condition in composite con¬ 
struction may be assumed less than those used in the non-composite 
construction. 

Design example 4.6.1 : Design of a post-tensioned prestressed concrete 
composite beam for an effective span of 50 m to carry a uniformly 
distributed load of 2000 kg/m. The centre to centre of the girders is 
200 cm. Assume the slab width as 200 cm. The maximum depth of 
the beam is not to exceed 220 cm. 

Given data : 

effective span = 50 m, live load — 2000 kg/m 

depth of beam— 220 cm, superimposed load — 200 kg/m 

concrete strength (f' P ) --= 450 kg/sq cm and 

tensile strength of prestressing steel (f' H ) =~ 15000 kg/sq cm 

Code specifications : 

density of concrete, (y) = 2400 kg/m 3 

Young’s modulus, (E 0 ) Ssn 18000 yT' c = 3.82 X 10 5 kg/sq cm 
E h - 2.1 X 10 fl kg/sq cm 

Stress coefficients (for loads likely to increase) be : 
c\, t - 0.47 ; r' u = 0.022 ; c # ,. e = 0.31 ; c # te = 0.022 
f s (at transfer) — 0.7 f' s 
f s (at working) -- 0.6 f' H 
f H (at anchorage) --- 0.8 f' H 

Design procedure: Assume efficiency factor and other coefficients. 
Based on the experience of example 3.10.1, it is now possible to make 
an approximate estimate for efficiency and other factors. Factors used 
in example 3.10.1 are used in this example to make a comparison of 
the two beams. 

Let p -- 0.1285, A = 1.68, and approximate values of 

u tc = 0.92, u,,c = 1-04 

uic - 1.20, t) =0.84 

eti —0.05, c c t = 0.47, c cc — 0.31, etc = 0.02 

The values of u\s have to be chosen from experience and then should be 
checked with the actual values obtained in the final selection. Area of 
cross section depends on the assumed values of u’s. Any improper 
selection of u’s will throw off the economy of the beam. Stress eqs. 
4.3.1 to 4.3.4 could be written exactly in the form of simply supported 
beam eqs. 3.4 by introducing a modified R represented by 



Prestressed Concrete Composite Beams 


77 


R = ( 
= ( 


1 + X+Rbi + 


1+x + R 8 i + 


R-HiOl 

uic ) 

R^-\ 

Uic ) 


This modified R will give some guide line. 


hf'c ! ^ 
“ = rL* = 165 


[+A 


req. 


limit 


Cct ~ A Ctt 
A 


[ 


P (ctt T Cot) 4~ ' 


- -1=0.625 

“ J 


1-f A 


- - 0.08=0.55 


The value of m may be taken as 0.24 based on the example 3.10.1, then 


R 


8 P a) u j c (1 + A ) 


A (U bc — U lL .) 

W. 2200 9nr .. . , 

w 8 = R J 07 — 20 j() kg/m 

. 2050 

A " 2400 0 856 Sqm 


[T]m(l + A ) • - (A c ( p — cte) ] -- 1.068 zr 1.07 


Let the thickness of the slab be 8 cm (sometimes the thickness is fixed 
by practical criteria). 

The area of the slab is given by 

A ca = b a t K — 200 X 8 -- 1600 sq cm 
Total area of c.s. •m 8560 4* 1600 — 10160 sq cm 

It is now necessary to determine the various u’s and check the allowable 
stresses. Various dimensions for the given efficiency and shape factors 
are given below (from table 2 in Appendix A). 

For p = 0.1285, A — 1.68, the sectional coefficients are 
c a — 0.2560, ci = 0.0329, c yU = 0.6269, c, t = 0.3731, 
c r = 0.5, c* = 0.12, c t = 0.12, c|, = 0.08 


r 2 


8560 
0.256 h 
= 0.1285h 2 


= 152 cm 
= 6219 


y t) Cybll 

yt = Cyth 
tt = C t h 

tb = C h h 

bw — c w b t 

b b = c f bt 


= 138 cm 
= 82 cm 
= 26.4 cm 
= 1 7.6 cm 
= 18.24 cm 
= 76 cm 
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X = 


A 


CB 


A 


1600 

8560 


0.187 


The properties of the composite section are calculated easily using 
the sectional properties of the beam. 


Taking moments about the centroid of the beam cross section, the 
centroid of the composite section would be determined as 


V 


1600 (82+4) 
10160 


13.6 cm 


ytc 

Vhc 


Ulc 


82-13.6 = 68.4 cm 


138-1 13.6 = 
TS » 0.1.35 


151.6 cm 


151.6 
Ubl ' “ 138 


1.09 


I, = I 0 + .V + A,, (4+68.4) 2 
= 51146603 + 1878000-1-8380000 
= 61404600 cm 4 
1,, 61404600 9 

I p " 51146600 " ~ 


Let the superimposed load at the time of casting of the slab be zero, 
then R S1 =- 0. Using the values computed above, the allowable stresses 
could be checked with the help of ecp. 4.3.1 to 4.3.4. 


Eqs. 4.3.1 to 4.3.4 for in — 0.24, q = 0.84, R = 1.06, p = 0.1285, 

A = 1.68, <; = 0.53, a) - 1.65, u t , = 0.835, u h , = 1.09, X = 0.187 
and U| ( . = 1.20 give 


c t( = —0.091 (permissible) 

Cot = 0.48 (2.4% excess) 


Cto 


Coo 


Pt 


As 


0.025 
0.307 
mA f' c 
925000 

0.6 f g 


(11.3 kg/sq cm tension, excess) 
(permissible) 

= 0.24x8560x450 = 925000 kg 
= 102.8 sq cm 


Percentage of steel — 


102.8X 100 
10500 


0.98 % 


c = 0.53 h = 116.6 cm 

Since some of the stresses in the selected section exceed the permissi¬ 
ble limits, the reader is advised to try another section. The section 
should also be checked for shrinkage stresses. 
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Problems 

4.1 A simply supported beam of span 20 m is carrying a load of 2400 
kg/m. Design a composite beam with top slab of 15 cm thickness 
and 150 cm width. Use f' c = 400 kg/sq cm and P s = 15000 kg/sq 
cm for beam and f' r — 200 kg/sq cm for slab concrete. Make a 
comparative study of this design with problem 3.1. 

4.2 The bridge described in problem 3.2 is provided with a top slab of 
15 cm thickness using M 200 concrete. Design a composite beam 
bridge, using the data provided in the problem 3.2. 



CHAPTER V 


CONTINUOUS BEAMS 


5 . 1 . INTRODUCTION ; It has been observed in the previous chapters 
that preslressing force causes deformation which can take place freely 
in a statically determinate structure without causing any change in the 
reactions. In a statically indeterminate structure, the deformation due 
to prestressing force will affect the support compatibility conditions 
resulting in some secondary stresses. This effect is explained through 
a simple example of two span continuous beam shown in fig. 5.1.1. Let 
the beam rest freely on three supports at same level and let it be 
prestressed with a straight tendon. The tendency of the tendon will be 
to lift the beam from the middle support. Hence, there should be a 
force at the middle support to keep the compatibility of the beam 
resting on all the three supports. This downward force ‘RV has to be 
balanced by upward reactions at the extreme supports. The stresses 
caused due to these reactions are called secondary stresses. 

Fig. 5.1.1 gives a complete picture of the problem. The shear 
force and bending moment caused by the prestressing force are also 
shown iri the figure. The secondary stresses depend mainly upon the 
profile of the prestressing tendon and, if a proper profile is not chosen, 
the secondary stresses can be very large. On the other hand, if an 
appropriate profile of the tendon is chosen, the secondary stresses could 
be reduced to zero. A tendon of this profile is called “concordant 
cable”. A concordant cable may be defined as the cable which will 
not produce any statically indeterminate reactions. The concordant 
cable protile is not unique in any given statically indeterminate 
structure but it is located within a certain narrow zone. The restric¬ 
tion to the concordant profile zone has the disadvantage of not utilising 
the depth of the beam effectively for a suitable profile in working load 
conditions. There are two possible important practical considerations: 
(i) the profile may be selected as a concordant profile which causes no 
secondary stresses, not considering economy, or (ii) the profile may be 
chosen as a compromise between the secondary stresses and the working 
load stresses based on economy. In other words, a concordant cable 
is a good choice but not necessarily the best. It is also important to 
note that creep is likely to cause some statically indeterminate reactions. 
Analysis of statically indeterminate prestressed concrete structures 
could be done by any of the methods used in structural analysis. 
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5.2. ANALYSIS OF TWO SPAN BEAM: A beam of constant 
cross section and having parabolic tendon profile may be considered 
for analysis. The derivations are developed using the prismatic beam 
theory. The tendon profile consists of two parabolas with sags gj and 
g 2 . The two parabolas intersect at the middle support with ail 


t 



(a) Two span continuous beam (no external 
force including self weight) 



(b) Prcstiessing force acting and beam free to deform 



*R b tR ‘ 

(c) Constraint due to the continuous supports 


(d) Secondary shear force 



J. 


(e) Bending moment due to eccentric prestressing force 




(g) Actual bending moments 
Fig. 5.1.1. Two span continuous prestressed beam 
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eccentricity e. The intersection of the parabolas has to be rounded to 
a smooth transition curve without affecting the analysis. Sometimes 
the transition curve may be taken as a small parabola in which case 
three parabolas should be considered in the analysis. 



The problem is analysed by making the beam statically determinate 
by cutting it at the intermediate support and matching the com¬ 
patibility. 




(b) B. M. due to parabolic profile only 



(c) B. M. due to middle eccentricity 



(d) B. M. due to indeterminate reactions 
Fig. 5.2.2 : B. M. of separated sections due to prestressing only 

Slopes at B ol spans 1 and 2 are to be computed and matched to 
determine the indeterminate reactions. The slopes are computed using 
the bending moment curves shown in fig. 5.2.2. 
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EI «v-i1 (t l ‘ p ^) + t(t l - p ') 

pr 

= -^(gi+e) •• (5.2.1) 

Similarly 

PT 

EI0°B2= f fe+c) .. (5.2.2) 

Where 

0 B =slope of the beam at support B and the subscript 1 or 2 
indicates span 1 or 2 respectively. The superscript ‘o' refers 
to prestressing only. Profile distance measured downward 
from C.G.C. is considered positive. 

Let 

0' B = Slope due to statically indeterminate force 

Then 


EI*' b .*4-Li M'b ] 

j y .. (5.2.3) 

Elfl ns—M 'b j 

The condition of continuity is that the change of the slope to the right 
and left of the intermediate support should be zero i.e., 

0°Bl + 0°B2+ ■* (5.2.4) 

M 3 B (Lj+L^+l-tL, Ce+gj) +L 2 (e+g a )]=0 

or M' B = -pfFi&+£* +e) •• (5.2.5) 


Now R'a= 


M' b 

Li 


p ( L i gi + L a g; 
L i V L l + L 2 


(5.2.6) 


Final moments due to prestressing force can be obtained by superposi¬ 
tion of the moments as shown in fig. 5.2.2. For example, the moment 
at support B is given by 


M b — Pe+M *0 

M.=r.-r( L -«■;%«■ +.) 

v ( Li Zi+U g, \ 

\ L i+^ J 


.. (5.2.7) 
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It is important to note that the bending moment at the intermedi¬ 
ate support due to prestressing force is independent of the eccentricity 
e at the support. It can be proved in general that in continuous 
beams, bending moment at an intermediate support due to prestressing 
force is independent of the eccentricity over the support but is governed 
by the maximum sag of the parabolas. Now it is clear that the tendon 
profile can be shifted, moving about the end points without affecting 
the bending moment at the intermediate support. For example, 
tendon profiles as shown in two cases of fig. 5.2.3 give the same moment 
at the intermediate support. Hence particular attention should be 
paid while fixing the sag. 



case 1 



case 2 


Fig. 5.2.3 : Two tendon protiles shown in the above two figures give the 
same moment at B 


Let R'a = 0, then from eq. 5.2.6, 


c — 


I'l Kl+L 2 \ 
Lid I a ) 


(5.2.8) 


A concordant cable can be obtained by providing the eccentricity as 
given in eq. 5.2.8. 

Determination of shear forces : Shear force in the span AB due to 
prestress is 


V x *=R' a + P Sin a = R a~ r I 


Where 



4 5i± c 

Li 


4 gi x 

w 



v. 


L[ 


Ci gi + Lt 8a 


L,rL 


■M- 


4gi + e 




4 gi+ c - 
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= - l“t Ll gl ( 8x ~ 3L i) ^-1-2 (Li g a —4g t L,+Bg,x)] L ^^-L-y-y 

= _P T Si (Sx-SL^+U (g ; -4 g l ) , fig, xL a I 

Li [_ 1 ■ - 1 , '■ "l.i'(I ,+L.) j 

.. (5.2.9) 

The design for shear force should be done based on the shear force as 
obtained above. 

The secondary moments can also be computed by considering the 
intensity of the radial force due to prestressing force. If the cable is 
parabolic, the intensity of the radial force is (P d 2 y/dx 2 ). The secondary 
moments are computed using this force, and illustrated in fig. 5.2.4. 
The method of load balancing technique is discussed later in which 
radial component force plays important role. 



y is measured from CGC 
fa) Beam with parabolic cable 



B Pg, 8PQ£ 


(b) Radial force due to P from which the secondary 
moments (M') could be computed 
Fig. 5.2.4 : Beam with equivalent radial force 

5.3. ANALYSIS OF TWO SPAN CONTINUOUS BEAM WITH 
ECCENTRICITIES AT OUTER SUPPORTS : 1 or a cable profile 

having eccentricities at the end supports, the problem can be divided 
into two parts : (i) moment due to simple parabolic cable with zero 
eccentricities at outer supports plus (ii) moment due to straight cables 
with eccentricities at the end supports. The superposition of the two 
moments will give the resultant moment due to the cable profile. The 
slope compatibility can be obtained by considering the two parts 
separately. The moments are shown in fig. 5.3.1. 

Summing up the slope at B 

(6°Bl)p‘f (0°Bz)p+ (0°Bl)t-r(0°B2)c“r U r Bl)d- (d'flz) ~ ® 

■y t^i (gi + c )(g t -j-e)+—(e x Ljd-ec L e )l-b-^ B (L 1 -f-L a )=0 
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M' b =-P [Mgi+ e )+ L a (g 2 + e)+y(e A L 1 + e c L !! )]/(L 1 +L 2 ).. (5.3.1) 


M B =M' B +Pe 

T-, Ligi+L 2 g 2 +^ (caLi— 1—CcLg) 

L 1 + L 2 

(independent of ‘e’) 

M B _ P ( LiKi+Lsgjj+ i (e A T.,+e r L 2 ) \ 

Ra= Li __ M - l 1+ l 2 ) 

Similarly 

M b __ P / Ligi +L 2 g 2 ~t~l (e A L 1 -}~CoL g 

Rl L 2 = “ LA " I'l+Ls 

R'b=R'a+R'c 

For concordant cable, set M' B = 0. So from eq. 5.3.1 
e - - [ J (cALi~|-e L .L 2 ) 1 /(I ^1 ~1~ 

Sanie procedure could be extended to three or more spans. 
However, relaxation at the supports leads to tedious calculations in 
solving simultaneous equations. Moment distribution procedure could 
be used to solve problems of higher indeterminacy. 


(5.3.2) 


(5.3.3) 

(5.3 4) 

(5.3.5) 
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Fig. 5.3.1 : Continuous beam 

5.4. MOMENT DISTRIBUTION METHOD: The moment 
distribution procedure starts by fixing the section at the supports against 
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rotation and computing the fixed end moments. It is essential to 
calculate the fixed end moments due to prestressing force and distribute 
them in the same way as done for fixed end moments caused by 
external loads. Fig. 5.4.1 shows a fixed end beam with prestressing 
cable. The fixed end moments due to prestressing force are computed 
from rotation compatibility at the supports. Ml calculations are shown 
in fig. 5.4.1. 

Summing up the slope at end A 
PL T 

^ [2g+2e A + e n l+ 6 (2M' A + M' B )=0 ic « f °r 0 A -O 


or 


P[2g+2e A +e 1 ,] + (2M' A +M' B )=« 

Similarly for $ B 

.. (5.4.1) 

P [2g+2e B +e A J + (M' A +2M' B )=0 

The solution of the above two equations is 

.. (5.4.2) 

M 'a=" p (s g4 <"a) 

. . (5.4.3) 

- P g + e B ) 

M A - M0, + M' a - Pc A -P r| g —e A ■ - -1 Pg 

. . (5.4.4) 

f Pg 

.. (5.4.5) 

M r —Pg—f Pg=J Pg 

. . (5.4.5) 


> 

:i<V 

1 

3 

E<.Et[2. 4f . d 

(V 2 *o] 

E l6j^- ~ (2 M a + Mg) 

ZM a ) 

m-(m°*m5 



Fig. 5.4.1 : Bending moment in a fixed end beam due to prettreuing force 
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It is interesting to note that the end moments are independent 
of the end eccentricities. The prestressing force P is negative, so 
M a and M b are positive moments. (Same result can be obtained by 
considering the radial force.) 

For a concordant profile, M' A = M' B -=0 that leads to 

-.fj K -■ (5.4.7) 

The fixed end moments due to various tendon profiles are given 
in table 3 (Appendix A). For more detailed fixed end bending 
moments the reader is referred to references (5.1) and (5.2). 

5 5 APPLICATION OF MOMENT DISTRIBUTION PROCE¬ 
DURE : An example of three span continuous beam with external loads 
is shown in fig. 5.5.1 alongwilh bending moment diagrams of individual 
spans in fixed end conditions. The moment distribution is given in table 
5.5.1. 1 he summation of moments clue to external loads and pre- 

stressing force gives the moment that will exist in the beam. A con¬ 
cordant profile could also be obtained by setting the secondary bending 
moments due to the prestressing force equal to zero. The secondary 
moments arc obtained as the difference of the balanced moments and 
moments due to eccentricity. The design should be checked for the 
final moments. 


I i * l f 1U II 



(a) Fixed end moments due to prestrcssing force 



(h) Indeterminate moments due to prestressing force on rontinous beam (balanced) 



(c) Moments due to external loading 
Fig. 5.5.1 : Moment in three span continuous beam 
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( contd ,) Table 5.5.1 : Moment distribution (die to external load) 
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Total 
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5 6 CONTINUOUS BEAMS WITH VARIABLE SECTION: In 

continuous beams, the magnitude of moment is comparatively large at 
intermediate supports, so efficiency of construction may be obtained by- 
increasing the thickness of the beam at the intermediate supports. The 
variable moment of inertia affects the distribution of moments in a con¬ 
tinuous beam. The cable profile ‘y’ is measured from the centroidal axis 
•md if it is to be a smooth curve, should follow the profile of the centroidal 
axis. As shown in fig. 5.6.1, the centroidal axis has a kink at a 
distance Lj so the cable profile should also have the same amount 
of kink. 



(b) Centroidal axis straightened 
Fig. 5.6.1 : Beam with varible thickness 



Fig. 5.6.2 : Example 5.6.1 

Example 5.6.1: Analysis of a haunch beam as shown in fig. 5.6.2. 

Solution of the problem by moment distribution procedure is 
shown in table 5.6.1. The stiffness and carry-over factors arc obtained 
from tables of haunch sections. The beam is symmetrical about the 
middle support so the moment distribution is done for one span only. 
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M B —M' 0 -| Pe B 

M b (due to P) — 0.169 (8 Pg) (vide table 5.6.1) 

MV-Pc n 

If a concordant cable is desired, then 
M V-_ M H - M° h =■- - 0.169 X 8 Pg - Pe B =0 
■ ' • e (i ~ - - 0.169 x 8 g 

Tabi.f. 5.6.1: Moment distribution— example 5.6. 1 . 


Joint 

A 

B 


Member 

AB 

BA 


Carry over factor 

0.7 

0.5 


Relative stillness 

4.4 

6.67 


Distribution factor 

1 

0.5 


Fixed end moment 

0.069 (8 Pg) 

-0.12 (8 Pg) 


due to P 




Balance 

-0.069 

0 


Carry over 

0 

-0.049 


Total B. M. 

0 

-0.169 (8 Pg) 


Fixed end moment 

0.069 wL z 

-0.12 wL 2 


due to TJDL 




Balance 

-0.069 

0 


Carry over 

0 

-0.049 


Total B. M. 

0 

-0.169 wL 2 



Transfer condition (neglecting the dead load moments): 

M B = — 0.169 x 8 Pg = -1.352 Pg 
L. L. Condition: M B = 1.352 Pg—Q.169WL 1 
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5 7 DESIGN OF STATICALLY INDETERMINATE SRTUC- 
TURES : In statically indeterminate structures, it is desirable to locate 
the cable zone based upon the zero tension on extreme fibres. The 
limiting curves of cable zone are described below: 


Let M, = maximum bending moment at transfer condition 

M 2 == maximum bending moment at effective working load 
condition 

kb = bottom kern distance = r a /y t 
k t = top kern distance = r 2 /yb 
Considering the zero tension at top and bottom fibres 


- 5-0 


i M iyt 

eyt > 


^ P t r a 

r! > 

^2>’b , 

r) P t r 2 ^ 

eyb ' 

r 2 

>° 


(5.7.1.) 


(5.7.2) 


Eqs. 5.7.1 and 5.7.2 reduces to 



(5.7.3) 


«>(•&***) " <574) 
Eqs. 5.7.3 and 5.7.4. could be shown diagramatically as in 
% 5.7.1. 



(a) Beam with limiting eccentricity zone 



(b) A small portion of the beam 
Fig. 5.7.1: Cable zone 

Having determined the cable zone as shown in fig. 5.7.1, the eccentrici¬ 
ties may be adjusted as discussed in the previous section so that 
there are no secondary moments. 

This procedure calls for (i) selection of section, (ii) assumption of r\ 
and (iii) value of P* calculated from the variation between the maximum 
and minimum bending moment and the kern distance available to 
accommodate it. 
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Let the maximum variation between and M 2 =(M 2 —MJma* 

then, P t = ( M 8 -MiW (5.7.5) 

kb~j-kt 

Typical cable profiles for statically indeterminate structures are shown 
in figs. 5.7.2 to 5.7.4. For more detailed continuity connections, the 
reader is referred to references (5.3) and (5.4). 



^ Pr*s trussing Tendon c & t 



f Prostrasamg tendon 




Fig. 5.7.2 : Typical profiles in continuous beams 


5.8* LOAD BALANCING METHOD : Analysis and design of 

continuous beams is very much simplified by load balancing method. 
If the external load on each span is balanced by the prestressing force of 
the span, then the stress at any point in the beam is P/A. However, 
the external load is not constant in most of the problems, so the com¬ 
plete balancing of external load for all conditions of loading is not 
possible. A partial balancing has to be done deriving the maximum 
benefit out of this method. The procedure is best illustrated by the 
following example. 
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i«) 


I 


S-n. 


Jo»nts\ 


Tendons 

D 

! ' > 

Precast elements | 

1 Li 


(•) 



Fig. 5.7.3 : Continuous beams of precast elements 



f- recast or C.l.P 
beams 


riT: 


P re tinstone a _ over lapping re<nf oro-ment 

• PrecoM or slaps 


(a) 



— post !en*«or.eO rendon conr.nuou 


-Pre cast bwm> x! " Supplement^ i 

) rr mforcemenr i i 


LJ 



Fig. 5.7.4: Various types of continuous prestreased slabs 
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Design example 5.8 1: Design of a post-tensioned two span con¬ 
tinuous beam of 30 m each span and subjected to an external load of 
2000 kg/m over the entire beam for loads not likely to increase. 


20O0hfl /m. 


T 

h 



-J_i_i i _L__i_I_i _t_i_t 

-33-3T 

[- - 3000 ---- 4 -- 3000 -«-| 


(a) 


Fig. 5.8.1 : Example 5.8.1 

Given data: f' c = 450 kg/sq cm, IV-15000 kg/sq cm 
Design procedure : 

(a) Select h — L/25= 1.20 m 

Let the self weight—1000 kg/m 

(b) Load conditions are self weight of 1000 kg/m at transfer and total 
weight of 3000 kg/m at working. 

Select a balanqing load of 1800 kg/m at working condition, 
unbalance load at working—1200 kg/in 

(c) Cable profile: Maximum sag in a cable gives maximum efficiency 
with minimum steel requirements. Let 20 cm cover be assumed 
both at top and bottom flanges of the beam which would provide a 
maximum sag of about 50 cm. The actual maximum sag will be 
slightly greater than 50 cm and will be about 14 m from support. 
An approximation of maximum sag of 50 cm at mid-span is 
assumed. 


Load balancing equation is given by 


Wbo 


8 Peg 
& L a 


1800x900 

8x0.50 


= 405000 kg 


Let favo= 100 kg/cm 2 

Then A ^ 

l*ve 

= 4050 sq cm 
Let the area, A = 4000 sq cm 
and P e = 400000 kg 
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Self weight w g =2400x0.4=960 kg/m (Vs 1000 


lave — 


Pe 

A 


400,000 

4000 


= 100 kg/sq cm 


kg/m assumed) 


(d) Transfer condition: 

Let 71=0.82 

Pt = OT =487 ’ 700 kg 

Load balanced at transfer —1800/0.82 =2200 kg/m. 

Load that is not balanced = ( — 2200 + 960) = —1240 kg/rn. 

The load that is not balanced is the effective load on the beam. Hence 
the bending moments for the continuous beam should be computed 
based on this effective load. 

At transfer, maximum +ve bending moment ‘Mbt’ occurs at support, 
and it is 


M b t = — (w g -w b ) 


(»> 


139500 kgm 


Maximum —ve bending moment Md occurs near point D, and it is 
Md= (w g —wi,) L 2 /16= — 69750 kgm 
Stresses at support (transler condition) : 

Ft 487700 


A 4000 

P t Mb t yb 

'• 1 • A 1 I 


= 121.9 kg/sq cm 


A 


Mbt ( & 

Ah 




Let p = 0.165, A-l () 

Then 

^=l 2 '- 9 +S?xZ <(l/«-33> = 121.9-|.87.« 
= 209.7 kg/sq cm 


Cct = 


^ ^45(/ ^ — 9.465 (permissible) 


f tl = — 121.94-87.8= — 34.1 (permissible) 
Stresses at mid section (at transfer): 

87.8 


lit- - 121.9 -b- 


: — 88.0 kg/sq cm (permissible) 


f c t = 121.9 + 


87.8 


= 165.8 kg/sq cm (permissible) 


2 
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(e) Working load condition: The load that is not balanced at 
working load is 1200 kg/m. The stresses due to bending can be com¬ 
puted in proportion to the unbalanced loads. The load that is not 
balanced at working load is (1200/1480) times at transfer. 


Stresses at support: 

_ P e _ 400,000 

lave- A - - 4Q00 


—100 kg/sq cm 


f l --l0»+(iw) 


X 87.8 


= — 100-r 71 — — 29 kg/sq cm (permissible) 
f ce = 100 + 71 = 171 kg/sq cm 
c C0 == 17 1/450 = 0.38 (marginal over stress) 

Stresses at mid section (D); 

ft£= — 100-j- 7} = —1)4.5 kg/sq cm (permissible) 


fee = 100-j-35.5 = 135.5 kg/sq cm (permissible) 

(f) Selection of section : 

The given quantities are 

A = 1, p = 0.165, A = 4000 sq cm, h —- 120 cm, 

Pt= 487700 kg, wi=2000 kg/rn, f' B = 15000 kg/sq cm 
The sectional properties for 

A =1.0, p = 0.1668, the coefficients are 
cj = 1, c w = 0.08, c t = 0.08, Cb —0.08 
c a = 0.2272, C| = 0.0379 


c R bth = A = 4000 sq cm 
. , 4000 .... 

•• bt ^W72rnw =142cm 

b w =0.08 x 142 = 11.36 cm 


Cb = 40 cm 
ea = 30 cm 


g = 50 cm 

. Pi 487700 . 

A ^Tl7T b = 10500 =46 ' 4 Sq cm 


t t = 0.08x 120 = 9.6 — 10 cm 
t b = 0.08x 120—10 cm 


Note :—It is to be noted that since the stresses at support govern the 
section, it may be desirable to increase the height of the beam 
at support to 125 cm and then check for stress. 
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Problems 

j. J Determine the secondary moments developed in the prestressed 
concrete beam shown in fig. 5.1. of square section. 



Fig. 5.1 


5.2 A three span continuous beam of equal spans is subjected to a 
uniformly distributed load. Determine a cable profile which will 
not cause any secondary moments. 

5.3 A two span continuous beam of 20 m each span, fixed at one end 
and simply supported at the other end is subjected to a uniformly 
distributed load of 1600 kg/in. Design the beam as a pre-tensioned 
concrete structure with 450 kg/sq cin concrete. 
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MISCELLANEOUS STRUCTURAL MEMBERS 


6.1. INTRODUCTION : Several structural elements or simple mem¬ 
bers such as columns, piles, tie rods for arches, tension elements, retain¬ 
ing walls, portal and building frame members are being designed and 
constructed in prestressed concrete. Recent trends in prefabricated 
construction have opened several areas of structural elements being made 
by prestressed concrete (6.1 to 6.6). This chapter discusses simple 
structures and structural members of prestressed concrete construction. 
Members arc classified into two major groups : (i) members essentially 
subjected to compressive forces, and (ii) members subjected to tensile 
forces. 

6.2. COMPRESSION MEMBERS : The prestressing concept was 
originally developed to take care of the low tensile capacity of concrete. 
So prestressing a concrete compression member appears to be redundant 
and superlluous. However, most of the compressive members like 
columns and piles are subjected to handling and combined axial and 
bending force. The prefabricated columns are subjected to bending 
stresses during transportation and erection. For these reasons, it has 
been found necessary to use reinforcement to take care of secondary 
stresses. Prestrcssing a compressive member subjected to handling or 
bending moments results in using less steel with higher efficiency. 

(1) Prestressed concrete columns subjected to combined bending 
and axial force : Consider a column subjected to axial and bending 
moment as shown in fig. 6.2.1. There are two conditions of loading : 

(i) transfer condition and (ii) working load condition. 


F 



* M 

F 


Fig. 6,2.1 : Column under external forces 
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Let F = axial force 

M = bending moment (assumed to be small) 

Assuming the same notations as discussed in the previous chapters, the 
stresses at the two load conditions may be written as follows : 

fi) At transfer condition (assuming axial prestress force) : 

fct — Pt/A c , Pt — f B tA B (6.2.1) 

where A c =area of the column 


(ii) At working load condition : The member is subjected to compressive 
force. In addition to the losses of prestress with time, there will be a 
further loss of prestress due to elastic shortening caused by the external 
loads (in case of beams, there is a gain in prestress due to external loads). 
Considering the failure condition, the compressive strain in the column 
at the time of failure will be in the order of 0.003. If the effective 
prestress strain in steel is about 0.004, then the effective prestress strain 
at ultimate load is about 0.001. This illustrates that most of the prest¬ 
ressing force is released when the ultimate load on the column is reached, 
thus the ultimate strength of the column is not much affected by the 
precompression. 

Let the compressive force dominate at working load conditions ; 
then the approximate strain in steel is given by 


F 

p— (€*Eh) A h 


= P e — pnF = 7|P t — pnF 
where p —A s /A ( > (reinforcement ratio) 
n = E s /E c (modular ratio) 
Compressive stress is given by 


F My 
+ A C + I 


( 6 . 2 . 2 ) 


Where D = total depth of the section 
On substituting the value of P in eq. 6.2.3 

_ _Pt pnF , F ( MD 

ce_n A 0 " A c + A<. + 21 

pnF F MD 


pnF F MD 
= pT l r " “ A c + A C - + TI 
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F MD 

= p^lf B t+^-(I-pn)+ 21 .. (6.2.4) 

Eqs. 6.2.1 and 6.2.3 are the governing equations from which the column 
design is to be determined. Here the known quantities are F and M. 
while stresses ^ f Rt , f ct , f ce ) may be selected either from code or economi¬ 
cal considerations. Value of 7] is to be assumed which, if necessary, 
could be checked after completion of the design. So only three quanti¬ 
ties (A r , A ( ., shape and size of the section) are to be determined. 

From eq. 6.2.1, the percentage of steel is given by 

p = (fct/fnt) (6-2.5) 

F,q. 6.2.4 may be modified for rectangular section as 

- r , F ( i x L 6M 

f,. P = p + - (1 — pn) + A D 

“P *1 f«H- A D — pn 4 - • (6.2.6) 

Assuming the value of depth 1) is given by other considerations, the 
area of the section is given by 


A,. - 


pn -{- 


|>M 

ID 


pq f 8 t) 


(6.2.7) 


All the quantities on the right hand side of the above equation are 
known, so the area of the concrete section could be obtained. 

Allowable stress in steel at transfer is usually taken as 0.7 f' B . Pre- 
compression is mainly for the secondary stresses so it may be taken in 
the range of 0.05 f' L . to 0.2 f' c . Allowable compressive force under 
working load may be taken in the range of 0.40 to 0.50 f' c depending 
upon the utility of the member. 


Example 6.2.1 : Design of a prestressed concrete column of 5 metres 
high for a combined, axial force of 50,000 kg and bending moment of 
100,000 kg cm. 

(a) Selection of stresses : 


Let F r = 450 kg/sq cm 

f r B = 15000 kg/sq cm 

f 8 i — 0.7 Fs = 10500 kg/sq cm 


l) l — 2 1 kg/sq cm 

f ce = 0.4 r c = 180 kg/sq cm 

(h) Selection of section : Let a rectangular section of depth 25 cm be 
assumed, i.e., D = 25 cm 
(c) Calculation of areas : 


P® T7 = 


fet 

f 8 1 


21 


10500 


w = 0 - 002 
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E 8 2.1 xl0« 
E c 3.82 x 10® 


Let r] — 0.8, then from eq. 6.2.7 

5.5 


50000 1 


An =■ 


500 


6 '< looooo \ 

50000 x 25 J 


0.8x 10500 


— 50000^ 


1.469 

163 


t6 9 \ _ 
3.2 )- 


500 


449 sq cm 


Let breadth of the section be = B, then B - A r /D 
449 

B = = 18 cm 

2d 


Ag = 0.002 449 - 0.89 sq cm and 

P t = A s f‘ s t - 9450 kg 



(Five vvirrs off) mm dia) 

Fig. 5.2.2 : Section of the column 


Example 6.2.2 : Design a column subjected to an eccentric load of 
50000 kg acting at 2 cm eccentric with the column axis and determine 
the factor of safety. 

Solution : The eccentric loading could be separated into axial force 
and bending moment as 

F = 50,000 kg, and M 100,000 kg cm 
Adopt the same section as designed in the example 6.2.1. 

Let f' c = 450 kg/sq cm, — 0.003 

Determination of ultimate load capacity : As the stress-strain curve 
upto the crushing of concrete is not linear, eq. 6.2.7 cannot be used 
directly. Eq. 6.2.3 is general and the same can be used here. 


€ 0e = 0.8 X 


— 


_P. 

A c E, 


10500 

2lTT0^= 0 004 

0.80x9450 


477 x 3.82 x 10 5 


=0.000042 


P - Agfg - AgEg €g - AgEg (T ^Co) 

= 0.89 x 2.1 x 10® x (0.004 - 0.003 + 0.000042) 
= 1790 kg 
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Now 


0.64 f. 


= (a. + a" + av"d) 

"At( 1 + ~Ty) =0 64 f *— 


Where 0.64 f' r is the ultimate compressive stress of concrete prism. 

1790 


Il/i + I2 v 

Ac y 1 ' D J 


288 — 


449 


449 v2 r i 

F„ * (288-4) - 86000 kg 


Factor of safety- 



86000 _ 
50000 “ 


(Note :—It could be observed from this example that effective compres¬ 
sion due to prestressing force at the ultimate load is 4 kg/sq cm) 

Ultimate load for a column without prestress : 


Fuit^i 

/ 288 > 
^ 280 —4 .j 

) 86000=87200 

lull 

87200 

1.744 

1 

50000 


The factor of safety of a non-precompressed column is 1.744 against 1.72 
of a precompressed column. It shows that the factor of safety is not 
much affected by precompressing the column. This is more or less 
true in most cases. Therefore it is desirable to use prestressed columns 
when it is expected that the column will be subjected to bending 
moments either during working or handling conditions. 

(2) Typical column subjected to different conditions : Axial pre- 
stressing force is applied in case of a column subjected to small bending 
moments. A more effective prestressing could be obtained by providing 
some eccentricity to the prestressing cable if the bending moment is 
constant. Similarly in case of columns subjected to handling, if the 
exact handling is specified, it is possible to select a cable profile which 
would be more effective. In most cases of handling and transportation, 
the members are subjected to random handling so it is always desirable 
to introduce axial prestressing instead of eccentric prestressing. Typical 
possible cable profiles of column are shown in fig. 6.2.3. 

Columns subjected to large eccentric loads have to be designed as 
beam columns. The deformation of the axis of the column may be 
included while computing the bending moment. 
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(a) Column under eccentric load 



(b) Column handled with two pickup points 



(c) Column handled with one pickup point 
Fig. 6.2.3 : Typical cable profiles of precast columns 

(3) Prestressed concrete piles: Piles are usually cast and cured in 
the factory and then transported to the site. Such piles are subjected 
to four load conditions: (i) transfer of prestress, (ii) transportation, 
(iii) driving, and (iv) service. Out of these four conditions, the transfer 
condition is not a dominant condition. The piles are likely to be 
subjected to tensile stresses during transportation and driving conditions. 
It is hard to obtain a true vertical position of the pile during driving. 
Any small tilting of the pile during the driving operation will result 
in undesirable stresses. So the allowable stresses during service 
conditions are taken low. Special precautions have to be taken at the 
top of the pile where pile cap and driving force come into contact. 
Foundation piles cannot be cast in long Lengths because of transporta- 
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tion problems ; in such cases suitable joints have to be designed. Sheet 
piles are also made of prestressed concrete construction which are 
precompressed axially. If post-tensioning is done, the ducts must be 
grouted before driving (6.7, 6.8j. 

(4) Prestressed concrete poles and towers : Prestressed concrete 
poles are gaining their use as transmission poles and towers. The 
transmission poles arc generally cast at factory and supplied to the 
site. The design of poles is simple but the main problem is their 
transportation. Since the length of poles that could be transported is 
very much restricted, the long poles are cast in small lengths and assembled 
at site. The connections have to be designed using simple slices, 
extension pieces or additional reinforcements. Long prestressed 
concrete poles arc used for radio and other communication towers (6.9). 

(5) Prestressed concrete piers and abutments : Piers and abut¬ 
ments arc prr.stressed lor two reasons. Prestressing is used as a means 
fl anchoring the pier to bed rock, and in some cases, if the bending 
moment due m water or soil pressure is large, the piers are prestressed 
against any possible tension. During the worst cases of bending 
moments, if the piers are subjected to vibrations due to moving loads, 
the piers arc likely to crack. The prestressing force not only stops 
crac king but also reduces deformations. In most cases of prestressed 
piers, the prestressing is relatively nominal. 

6 3 TENSION MEMBERS: If a member is subjected to tensile 
forces only, it appears superfluous to use any concrete construction 
because the tensile resistance of concrete is negligible. Even though the 
steel takes all the tension force, a prestressed concrete construction for 
tension member has distinct advantage of small deformations. Except 
for a small variety of tension members, most members requires rigidity. 
For example, tie rods of arches and ring beams of water tanks require 
rigidity in addition to strength. 

(1) Tie members: Analysis and design of direct tension member 
is very simple and the governing equations for design can be written by 
considering the transfer and service load conditions. 


Let 

Then 


F—direct tension force to be carried by the member 


Pt 

Ag fgt 

— n f , 

■ A c 

A c 

— P J flt 

P 

F 

(P-F) 

A r 

A c 

Ac 


(6.3.1) 


Where 


p -” p '+(-S> 


(6.3.2) 
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(6/3.3) 

(6.3.4) 


(6.3.5) 

- - T) p fat— ! (1 — np) .. (6.3 6) 

. \ C . 

Allowable stresses: f ut could be taken as high as 0.5 f' ( . as the member 
will be relieved of the compression as soon as the external loads act. 
In service load conditions, allowable stress of concrete may be taken 
as practically equal to zero. To have a good serviceability, the member 
may be designed to have small compression even at working load 
condition. The value of f PC may be taken in the range of 0.1 f' r to 0. 
The stress in si eel at working load condition should also be checked. 

Example 6.3.1 : Design a tie member of 20 m length subjected to 
40000 kg axial tension and determine the factor of safety. 

Assume : 

f c =450 kg/sq cm 
c (l =0.48, c re = 0.1 
f oe = 0.1 x 450 = 45 kg/sq cm 
f' s = 1 5000 kg/sq cm 
f s t = 0.6 f' s = 9000 kg/sq cm 
tj =0.85 
n 5.5 



= (P C + pnF) 


E<}s. 6.3.3 and 6.2.2 are similar, except for change in sign 
fee---/-Ol Pi + P n F—F) 

= A ~h P,-F (l-np)j 


and f s = ^ T| 



A c — 


F (1—np) 
H P trt —fee 


or 
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then 


40000 (1-5.5x0.024) 
Ac_ 0.85 x0.024x9000 45 


= 251 sq cm 


Using 16 X 16 cm tic rod section, A r =256 sq cm 
A b = 256 x 0.024 -6. 14 sq cm 
P t =6.14 x 9000 = 55260 kg 

Calculation of factor of safety : cracking load—Let ultimate tensile stress 
of concrete = 40 kg/sq cm and ultimate tensile strain = 0.00015. 

At cracking load 

+ €t 


If F v 


or 


/ 0.85x9000 i q P t 
^ 2.1x10° A,. E r . 


+ 0.00015 


) 


= (0.00364 + 0.00057+0.00015) =0.00436 
f a = 0.00436 X 2.1 x 10 H = 9156 kg/sq cm 
load at cracking, then equilibrium condition at craking gives 


-40 - (‘»lf>fix(U4 - F t ) 

F,.= 10240 ! 56218 = 06458 kg 


Factor of safety at cracking 


Fr 

F 


66458 

40000 


= 1.66 


Total elongation at cracking load = (0.00057 + 0.00015) X 2000 

= 1.44 cm 


It only high tensile steel is used instead of prestressed concrete tie, the 
elongation at the cracking load is 


- 10.3 cm 


F P L 66458 X 2000 
A 8 Eg 6.14x2.1x10* 

Deformation of steel tie-bar at a load of 66458 kg is as high as 10.3 
cm and will affect the arch, whereas the deformation of a prestressed 
concrete tie-bar is 1.44 cm for the same load. 


The efTect of concrete is lost as soon as the cracking takes place and 
then all the load is to be taken by steel. 


Fuit = fW15000x6.14 = 92100 kg 


Factor of safety -- 


92100 

40000 


2.303 


The factor of safety is not alTected by providing the concrete. 


(2) Pres tressed concrete ring beams and circular tanks ; Ring 
beams are used in domes, water tanks and in similar constructions. 
These ring beams arc subjected to tensile forces caused by radial 
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pressure. Similarly, circular tanks are also subjected to radial pressures 
which cause hoop tensions in the tank walls. If P is the prestressing 
force, then the radial component is given by 
d 2 y P 

P „ = -- , where R is the radius. 
dx 8 R 

Most of the load is taken by the steel and the concrete acts like a 
a stiffener with impervious medium. The relation between the hoop 
force and the radial pressure could be obtained from simple statics as 
shown in fig. 6.3.1. There are iwo conditions of loading and the 
governing equation can be written directly for the two conditions. 



(a) Transfer condition : Prestress could be replaced by equivalent 
radial component P,/R. 




.. (6.3.10) 
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or 


fee — 


(tj Pt + pnwR) — wR 

A c 

7] P t —wR (1 — pn) 
A" 


An — 


r| P t — wR (1 — pn) 
fee 


(6.3.11) 


The above expressions are exactly similar to the expressions derived 
in the previous section. Eq. 6.3.11 can also be written as 


A c — 


wR (1 — pn) 
71 p Cl fee 


(6.3.12) 


Allowable stresses : f H t is taken in the range of 0.6 f' H to 0.7f' ti . The 
value of ft could be taken from 0.4 f' c to 0.5 f' ( .. In case of circular 
tanks, no cracking should be allowed. Hence the stress at w orking load 
condition should be in the range of (J.10f' c . The value of r\ will also 
be low because of losses due to shrinkage and creep will be high since 
structure will be under wet and dry conditions. 


Example 6.3.2: Design of a free edge water tank of 20 metre radius 
to store 5 metre head of water. 


Assume: 


Solution : 


f'c — ( 450 kg/sq cm, f' s — 15000 kg/sq cm 
1st — 0.7 F g 10500 kg/sq cm 
fet = 0.5 f' c , f ue =0. 1 f' r 
■n = 0.0, n—5.5 



0.5 x 450 
0.7 X 15000 


= 0.021 


^ wR 

r\ p f Ht -f,. P 

y h= (0.001 x 500) kg/sq cm 

(0.001 x 500) x 2000 (1 -0.1 16) 
‘ ' ' "" 0.8 x 01 x TOdOO^O 


10.2 sq cm 


Considering 1 cm height, the thickness is 

t c = A c /1 = 10.2 cm 
A fl = 0.021 x 10.2 = 0.2142 sq cm 

The pressure of the water reduces to zero at the top of the tank. 
Keeping the thickness of the wall almost constant, the percentage of 
steel could be reduced practically to zero at the top of the wall. A 
nominal steel of 0.1 % is kept at the top. Use 5 mm wires at 9 mm 
centre to centre at the bottom and 40 mm centre to centre at the top of 
the wall. 
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90mm 

1-&-H 



Fig. 6.3.2 : Section of vertical wall of the water tank 

P t = 0.218 X 10500 = 2289 kg 

Cracking load and factor of safety at cracking: Let tension crack 
occur at 0.00015 strain and 40 kg/sq cm stress of concrete. 

At cracking load 

£s == *sc + €ce + 


Now 

or 


0.8x 10500 2289 

2.1 X 10° + 10.2 X 3.82 xT()« 


+ 0.00015 


= 0.004 + 0.00059+0.00015 = 0.00474 
P = E B 6 B A 3 — 0.00471 x 0.2 18x2.1 x 10" 
- 2170 kg 
f ce = (P— \V C R)/A C 

_ (21 70 —2000w e ) 

10.2 


or w e = 1.289 kg/sq cm 

Factor of safety at cracking = -^-—-=2.58 

Factor of safety at zero stress in concrete: 

2170 


2000x0.5 


-2.17 
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This example gives only an approximate design. 

(3) Circular tanks with fixed base : Previous section deals with 
circular tanks having bottoms which can translate freely. This type of 
boundary condition does not exist in reality. Most of the tanks have 
fixed or hinged bases. The effect of clamping at the base gives practi¬ 
cally zero hoop stress and maximum negative bending moment at the 
base. A typical bending moment arid hoop forces in circular tanks are 
shown in fig. 6.3.3. Vertical prestressing force should be provided to com¬ 
pensate the bending moment. Bending moments and hoop stresses should 
be worked out for any particular tank and the necessary prestressing 
force be applied. An elastic analysis of these cylindrical tanks can be 
used for the design purposes and is discussed in chapter XI. 



Fig. 6.3.3 : Hoop force in fixed and hinged bases 


(4) Prestressed concrete pipes: Prestressed concrete pipes have 
become very popular because of the built in factor of safety during 
handling as well as service conditions. There is also an ease in manu¬ 
facturing the pipes. Construction and transportation problems are 
major ones when compared to design of the pipes themselves (6.10). 


6 4 PRESTRESSED CONCRETE PAVEMENTS: (1) Roads and 
Runways : Roads and runways hav e thin slabs which are generally 
treated as plates on clastic foundation. The working load stresses are 
not very high in most cases. The thickness of the slab is very small as 
compared to the length. Secondary effects due to temperature and 
shrinkage are considerable. The prestressing cables are generally put 
at the bottom of the slab with sufficient cover and the prestressing is 
done in the longitudinal direction with ordinary or prestressing steel in 
the transverse directions. Special precautions have to be taken at the 
ends of the slab against warping. The expansion and contraction of 
the pavements is very much reduced by prestressing force. 

Prestressed concrete construction is also used for revetments 
of canals. Precast units to suit the profile of canal are manufactured 
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in factory, transported and then placed in position. Cast in site concrete 
is more expensive because of the form-work involved along the canal 
whereas small precast units could very well be used with sufficient care 
at the joints. Construction and expansion joints call for attention in 
this problem (6.11 to 6.15). 

(2) Prestressed concrete sleepers : Prestressed concrete sleepers 
are made in mass scale and are used on the rail roads. As the train 
loads arc fixed, the design is done once for a particular track. The 
great advantage of prestressed sleepers is their high resilience with small 
deformation. 

Problems 

6.1 A bridge pier is to carry an axial load of 400,000 kg with a 
horizontal pressure of 1000 kg/m for a height of 4 m from the 
base of the pier. The height of the pier is 8 in above foundation. 
Design a prestressed concrete pier with 400 kg/sq cm concrete. 

6.2 A cylindrical barrel pipe line of 2 m diameter is to carry water 
at a pressure of 30 kg/sq cm. Design a prestressed concrete pipe 
with a factor of safety of 3. At working load condition, the pipe 
should be at 20 kg/sq cm hoop compressive stress. Use M450 
concrete. 

0.3 Design a tie-bar member of a tied arch, in which the tic is 
subjected to an axial force of 100,000 kg. Adopt 450 kg/sq cm 
concrete without cracking at working load and 200 kg/sq cm 
compressive stress at transfer condition. Also determine the factor 
of safety for this member. 



CHAPTER VII 


INFLECTION OF 

PRESTRESS HI) CONCRETE BEAMS 


7.1. INTRODUCTION: Complete load deformation characteristic 
uplo failure of a prrsti csm*<1 com t ele beam is desirable in some situations 
but not very essential lor most practical problems. It is desirable to 
check the deilcf lions of a slrm lure at least up to working load condi¬ 
tions. In case of prestressed concrete beams, it is possible to calculate 
the deflections with good ac< macy uplo working load since (fir concrete 
does not (lack in working load conditions. 'The basic assumptions 
used in clastic beam ilc'iuv will hold good for prestressed concrete 
beams. Concrete could be considered as a homogeneous and isotopic 
material even though there h hound to he some amount of non- 
homogemity in the. material. That plana sections normal to the axis of 
die heam remain* plane even alter bending is a ^ouiul assumption 
applicable to prestressed concrete beams. The stress-strain 1 elation is 
assumed to be linear in the simple beam theory whereas the stress-strain 
relation in concrete U nut absolutely linear. The diet 1 of approxima¬ 
tion of linearization of the stress-strain in cum rete could be large if 
the stress level under investigation is high. For low stros, the lineari¬ 
zation does not mailer vrr\ mm h. The modulus ol elasticity of 
conei etc has to he estimated act match to get good results on 
deformations. The relation between the \ oungks modulus and the 
cube strength has been investigated and a reasonable basis is set up 
between these two properties. 

7 2 DEFLECTIONS BASED ON LOAD BALANCING METHOD: 

Replacement of prestress Imre inti 1 * a statically equivalent system of 
forces was discussed in chapter l. The transverse and horizontal 
components of prestress force can be considered independently as 
external loads and coupled with sell weight and super imposed loads. 
The method of calculation of stresses in prestressed concrete beam based 
on load balancing technique was discussed in chapter I. The deflection 
theory can be developed exactly in the same way as the bending theory. 
1 bis method does not call for further development of separate set of 
expressions associated with prestressed concrete beams ; the deflection 
equation of elastic beam columns could be used in the deflection theory 
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of prestressed concrete beam. Theory and procedure of deflection 
predictions arc illustrated through examples. 

Example 7.2.1: Determine maximum deflection at transfer and at 
working load conditions of a prestressed concrete beam as shown in 
fig. 7.2.1 subjec ted to a load of 5000 kg/m. 


_L 


I-i-. 



7,2.1 : Example 7.2.1 


S>lutun: Prestressed concrete beam at transfer and working conditions 
mi iy be represented as a statically equivalent system like that shown in 
tig. 7.2.2. The two conditions may be treated as beam column 
pioblems; maximum dcllceiimi could be predicted using beam column 
ini mul i. An approximate maximum deflection equation for beam 
< nliUMii limy be given as 


^ in a x 



t 7.2.1) 


Where 


maximum deflection of a simple beam with same transverse 
loading 

Vmax - maxi mum dellection for a beam column 

« - P/Pk, 

Where P - axial load and I\ - Euler’s buckling load 





P t ,20 ' ^ ^ i,nS ,P v / 20 

_L: .- • F5 cos'? = FI 240QOO Kg 



g/'C'Qk 

Equivalent beam column at Hamster condition 


,k "j rri 



Fig. 7.2.2 : Equivalent beam column at working load 
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Deflection at transfer condition : 

Let E c = 4 X 10 s kg/sq cm 

v— (,!„ M^') (^) 

where 

VVbt transverse force at mid span 


W bt L 3 

48 E I ^ 


-0.5 


I\ 240,000 
IV = u l EI/L 2 


y max — 




Deflection at working load: 
Let i] 0.85 then 


Pe 

Pe 


0.0255 


0.03 

— 0.515 cm (upward) 


5wi)(> L 4 / 1 \ 

iax “ 384 El \ j- a J 

0.098 cm 


W b0 LY 1 \ 

48 El \ \-a ) 


The deflection calculation at working load condition includes loss of 
prestress due to various reasons. It can be observed that the actual 
deflection at working load condition is very small as compared to the 
deflection of a reinforced concrete beam under the same conditions of 
loading. 


Example 7.2.2 : A prestressed concrete beam as shown in fig. 7.2.3 
is provided with a parabolic cable profile. Determine the deflections 
at transfer and working load conditions with a working load of 5000 
kg/m. 


« 30 L 

t 

8 0 
i 

*r~ soo - ~ 

Fig. 7.2.3 




(Lx-x 2 ) 


dy 

dx 


4e 

JJ 


(L— 2x) 


dy "| _ 4e _ 1 

dx J x=0 L" = TO 


Solution: A statically equivalent prestressed beam is shown in 
fig- 7-2-4. 
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p t 24000 

24 : 0000 ^- t -f—i * nr- r t 

_ 6000 kg/m , 

-K M 


|y-24 000 kg 

P t CO55 - 2 40,000 


(a) Statically equivalent beam at transfer conditio 


(Fj-j 


5000 kg/m 

_i_ 1 * k 1 _L_ 


_r —4 —r » -~r 

6000 kg/m 


24000 

^ HPi 


(b) Statically equivalent beam at working load 
Fig. 7.2.4 


Deflection at transfer condition : 


Let 


E n — 4 X 10 6 kg/sq cm, then 


a — 


Pt 

Pr. 


- 0.03 


„ 5w bt L7 1 \ 

y mft x - 384 FI {l-a J 

Where Wbt — - 6000 kg/m (intensity of transverse load) 
ymax = —0.644 cm 
Deflection at working condition : 

Let ti = 0.85, then 

« ^ - 0.0255 

r e 


Effective transverse load at working condition is Wbe = (wj — wnt 7 !) 
(5000-6000 r\) = - 100 kg/m 


5wbe L 4 
l84~Er 



-0.0106 

A. 


In this example, the balancing load is more than the working load so 
the deflection is always upwards. The upward deflection due to the 
prestressing force is sometimes called camber.,^ 


7.3. EFFECT OF CAMBER: In general, the deflection caused due 
to prestressing force is opposite to that caused by external loads. This 
type of deformation gives two distinct advantages: (i) Deformations 

at working load conditions are very much reduced ; and (ii) stability 
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and the resistance of the structure is improved. The negative curvature 
of a structure gives a structural form which withstands external loads 
more efficiently. In addition to the two distinct advantages already 
mentioned, the structure is likely to gain in architectural appearance. 
Long span bridge and shell structures of ordinary construction will 
have large deformations at working load. Hence the prestressing cable 
can also be used to give mch deformations which will give better 
appearances. Structures with large nverhangings will derive greater 
architectural and structural stability from proper piestressing. In light 
structures creep deflection could become a problem, so camber should 
also he restricted to about L/300. 

Problems 

7.1 A (antilever beam ol span 4 m is subjected to a uniformly 
distributed load of 1000 kg/in. 1 lie beam is designed with 400 
kg/s(| on concrete. If it is desirable to keep the beam in horizon¬ 
tal position at the working load, design tlu* cross section, showing 
the prestressing force and profile. 

7 .2 Determine the deflections at transfer and working loads of the 
50 m span beam discussed in chapter 111. 



CHAPTER VIII 


FLEXURAL ULTIMATE STRENGTH 
AND ULTIMATE LOAD DESIGN OF 
PRESTRESSED CONCRETE BEAMS 

8.1. INTRODUCTION: Tlu‘study of ultimate strength of prcsLrcssed 
concrete construction is very important due to the nature of stress- 
strain characteristics of the materials used and permissible stresses in 
the construction. The stress in steel at transfer condition is com¬ 
paratively large. Structural safety in working load condition is assured 
by not exceeding a permissible stress which is equal to certain fraction 
of the ultimate stress. The factor of safety applied to stresses will not 
assure the same factor of safety against ultimate loads since the stress 
and external load relations do not vary linearly. Propagation of cracks 
in concrete also plays an important role in connecting the sectional 
properties with the external load and thus affecting the factor of safety 
provided in die permissible stresses. It is therefore essential to predict 
the actual failure of the member in order to get a good factor of 
safety involved in the construction. For ultimate load design, the 
safety factors are called load factors and defined in eq. 8.1.1. 

w u - NlWl 1-NuWtr .. (8.1.1) 

where 

\\' u = ultimate load 

wi = live load (working condition) 

Wg—load due to self weight 
Ni-; load factor for live load 

N g = load factor for self weight (also superimposed load) 

The self weight or the superimposed load is fairly defined so 
the value of Ng is slightly greater than unity. The approximate values 
of N g and Ni arc ; 

N g —1.20 to 1.80, X] —1.80 to 2.40 

These values differ depending upon various factors such as the 
utility and type of the construction, type of material and the knowledge 
of the uncertainties such as 
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(i) inaccuracies and errors in construction 

(ii) inaccurate positioning of the 9teel 

(iii) inaccuracies in load calculations 

(iv) validity of basic assumptions used in the analysis 

(v) non-uniformity in the materials of construction 

(vi) defects in materials either due to manufacturing or due to 
handling and storage 

(viij supporting and other static considerations 

(viii) principal stress considerations due to the three dimensional 
effect 

(ix) secondary stresses due to shrinkage, temperature 

(x) probabilisting over load considerations and so on. 

Failure of a structure may be defined as the exhausting of service¬ 
ability condition. It may he due to either excessive deformation or 
ultimate strength capacity. In general, the failure load calculation is 
based on the ultimate strength consideration and then the serviceability 
criteria? arc checked. In addition to the flexural failure, there are 
other possibilities of failures. The failure possibilities of prestressed 
concrete members are : 

(i) failure due to anchorage stresses 

(ii) flexural failure 

(iii) combined shear and moment failure 

(iv) failure due to lateral or torsional buckling. 

The present chapter discusses the flexural failure only. The other 
types of failures from strength considerations are discussed later. 

8.2. FLEXURAL FAILURE : Flexural failure is essentially taken as 
the ultimate strength capacity. The flexural failure could be divided 
into two parts. 

(i) Failure due to yielding of steel: The steel yields first and results 
in excessive deformation; ultimately the beam collapses. This 
type of failure is called ductile failure and gives sufficient notice 
before actual collapse. If the breaking strain of steel is not 
high enough, even failure from yielding of steel may not give 
enough notice. This is likely to happen in prestressed con¬ 
crete construction. 

(ii) Failure due to crushing of concrete: Compressive strength of con¬ 
crete is reached before the yielding of steel. The crushing takes 
place instantaneously so the failure is without notice and is 
called brittle failure. 

The type of failure depends upon the initial compression and per¬ 
centage of steel. It is desirable to have a ductile failure rather than 
sudden failure (or compression failure). 
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8.3. ULTIMATE MOMENT : Assumptions used in the derivation are 

(i) plane sections remain plane during bending 

(ii) failure occurs when the top fibre reaches the ultimate com¬ 
pressive strain 

(iii) average strain in steel even after cracking is not far from the 
maximum strain 

(iv) force due to tension in concrete is neglected. 

Equations for strains are 


+ a U (d-a) J8 S 


««i = 



di) 


(8.3.2) 


f B2 =Y U (d a -a) .. (8.3.3) 

where 

e l>c = strain in concrete at steel level at working load condition 
e 8e = cffective strain in steel 
€ >Sl = strain in ordinary tension reinforcement 
€s 2 —strain in ordinary compressive reinforcement 
e BU =strain in prestressing steel at ultimate strength 
€ u =ultimate compressive strain of concrete 
/3 1 , /3 2 === coinpatibility factors 

a = distance between the neutral axis and the top fibre 
dj, d 2 =distance of ordinary reinforcements from the top fibre 

Equilibrium equations have to be written for two possible con¬ 
ditions : 

(i) Neutral axis in the top flange 
(ii) Neutral axis in the web. 


J 1: Neutral axis in 

the 

top flange: 


abi 

r*u 

I f(0 d€= 

T A s 

u 

. . (8.3.4) 

a 2 b t 1 

«u a J 

r«« 

| f(«)«de- 

E A 8 

f s (d —a) —M u 

. . (8.3.5) 

2: Neutral axis in 

the i 

web: 


ab w I 

r « u (a — tt)/a 

f(«)d« + 

ab t 

r fu 

f(«) df = A a f s 

. . (8.3.6) 

J 

K 


J « u (a -ti)/a 

a 2 b T 

.( a (a-t|)/a 


f <u 


ab^ 

f(«) <d( + 

a U l 

- f(«)<d€+A,f g (d-a)=M u 

.. (8,3.7) 

* U J 

0 

€ U 

J e u (a —tt)/a 
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The ultimate moment could be determined from the above set of 
equations. 

Example 8.3.1 : Determination of ultimate moment capacity of 
a simply supported beam of span 10 in loaded with central concentrated 
load. The cross section and other particulars are given in fig. 8.3.1. 
Use the stress strain relations as given in figs. 8.3.2 and 8.3.3. 


Hi;. fl.3.1 : Hr.un srrtion 


fja»:0 c. ♦ 11640 


Fit;. 8.3.2 Stress strain relation for steel 


C jmpr*55ivf ?. f rnin 


f'K- 8.3.3 : Stress strain relaiinn I'nr co 


“800U kg sqcm, A a = 10 sq cm, 

€,, = 0.003. € BU =0.03, 

fti ~' 1» E c -=3 x 1 0 5 kg/sq cm 


Solution 


Assuming that the neutral axis is in the top flange, from eqs. 0 3 4 and 
8.3.5 
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0 003 [ F 2 (° 001 ^ 2 450 (0-003-0.0015)]- 10 J s 

/.f s = 2025 a .. j 8.3.8) 

and 

ll’oro* [4 '0 0015)^ -|- 4 ^°- (0.003*- 0.0015*) 

+ 10 F 72-a) — M u 
12375 a 2 4-10 F (72-a)^\f„ .. (8.3.9) 

T ,et 

(+-18000 kg/sq cm, then from eq. 8.3.8 
a-—0.9 (tlic assumption ;i +t ( is Inn ) 

From eq. 3.3.9 

M„-- (963,000 ! 11,400,000) — 12.338 X 10® kg nn 

.\We.---If hf happened to he greater than 10 cm, (hen equation of 
case 2 has to be used. It is also necessary to check the strain 
of steel for ( u 0.003. Eq. 8.3.1 can be used to compute final 
f sn . This would involve determination of € re and an approxi¬ 
mate e ri . could be found from the lever arm which is com¬ 
puted with the help of fig. 8.3.4. 


p 



(■03 rr> 

1 



,.nf • i -■( ?o*r re r ne r tQ! juon 

w q 

Fiir. 8/1.4 : Strain distribution 




f.4P + 


£ 


€oe 
f I3‘ 


-| 0.0206 


— 0.004 0.020G -f P 

€ge ^ re 

In many cases, 6,.,. is very small as compared to and it is 
approximately about 1/8 to 1/10 of e 8r . 

So * B - f - this is negligible as compared to 0,0246. 

€ B p e rt . 

Hence, 

e s =0.0246< t su 

The failure is by crushing of concrete. 
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Maximum curvature=e u /a==0.003/8.9=3.37x 10 * rad/cm. Maxi- 
mum deflection could be calculated only after finding the values of the 
COTVaXuifc at various points and then by double integration. Determin¬ 
ation of ultimate load capacity is usually simple but the prediction of 
the deformation involves numerable calculations. 


8.4. SIMPLIFIED METHOD FOR DETERMINATION OF ULTI¬ 
MATE MOMENT: The method described in the previous section for 
determination of ultimate load is general and the calculations involved 
for determination of may not worth the accuracy involved. Some 
modification in stress-strain relation of concrete could be done by 
assuming an equivalent stress block. A rectangular stress block modific¬ 
ation is done in this chapter. The two equilibrium equations regarding 
the compression zone are modified as follows (see figs. 8.4.1 and 8.4.2). 
The two cases as discussed in the previous section are investigated. 

Case 1: An/tnil axis- in the top jiangc (q^-a) 

Let a k (1 d 

Considering the equilibrium equations \vc have 


c = 



f (0 d* — k 3 f lq a—-A e f BU 


(8.4.1) 


Where 

C— compressive force 

k L — the ratio of average to maximum stress 
k 3 — ratio of equivalent stress block 

■' ‘ 8A2 > 

Let the centroid of the stress block be at k 2 a from the top fibre, 

then 


k a a — 




(8.4.3) 


The value of k 2 for rectangular stress block is 1/2 and for triangular 
block 1/3. Ultimate moment is given by 

Mu-A b f BU d (1 -k, k„) . . (8.4.4) 

Other strain relations are 
fsu“fe (^bu) 




(8.4.5) 

(8.4.6) 
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Eqs. 8.4.2, 8.4.4, 8.4.5 and 8.4.6 involve four unknowns (f B u>k u ,k g , 
£su) and they are further simplified by eliminating k u . 

r __ (k t k a ) € u f c (bt d)_('8 4 7) 

SU [^bu ^se ^se ^ce/(^se fii ^cc) ~h fia ^u] y 

Solve eqs. 8.4.7 and 8.4.5 for f 3U and € su , then k u from eq. 8.4.2 and 
M u from eq. 8.4.4. 


K * U <J 



Fig. 8.4.1 : Ultimate moment— case I (neutral axis in top flange) 



>>./ J kli r f ’'A 

k,k,f c dt'* i 

I ! 

i | - A sf r *u 


Fig. 8.4.2 : Ultimate moment—case 2 (neutral axii in the weh) 

Case 2: Neutral axis in the weh : 

The forces and moments of case 2 are shown in lig. 8.4.2. New 
coefficients k 4 and k r> which are to be estimated are introduced. The 
stress block on the flange can be assumed close to a rectangular block. 
Equilibrium equations can be written as 

k u kjk-j P c d byrTkj f c (bt — b w ) tt = A s f gu . . (8.4.8) 

M u — kj^kg k u f c d 2 b w (1 k 2 k u ) -|-k 4 f o (bt b iv ) tt (d — k- q) (8 4.9) 

Above equations have to be solved alongwith the steel strain and 
steel stress eqs. 8.4.5 and 8.4.6. The ranges of various k's are: 

kj k 3 =0.64 to 0.70, k 2 = 0.45 to 0.50 

k 4 =0.70 to 0.85, k- = 0.45 to 0.50 

The use of values of k lP k 2J k 3 , k 4 , k 5 arc illustrated by assuming a 
rectangular stress block shown in fig. 8.4.3. The value of k 4 is obtained 
from experimental data and found to be about 0.7 if cube strength of 
concrete is used and, 0.85 when cylinder strength is used. The value 
of k 3 can be found by knowing the stress strain relation of concrete and 
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is approximated to 0.05 by considering a statically equivalent stress 
block. The value of k a for rectangular stress block is 0.5. 



i . 

iScuf rol a <is 


i 

I 


1 1 \i. 8.1.3 : ApjJt ■.>ximatHiM bv rn taus;ul,ir sfrc*;>-. block 


Example 8.4.1 : Determination ol the ultimate moment capacity of 
the beam given in example O.O.J. 

Assuming a rc< langular stress block, the i oi liuicim may be taken 
kj 0.70, k, - 0. jo, k :i O.uj, k 4 0.6a, k , -0.5 
let a 0 llu'n irom cqv 0.1.0 and 0. l.o 

0.7 0.05 -150 . 72 10k u f 0.05 '450. 5n 10 1 j f bU 

i; u 10270 k„ , 14U25 


Similarly eq. 0.4.9 reduces to 

M„ -19.3 10 : * (k„~-0.5 k,f J ) |-9.0 : 10 ,; 

0.00 14 (O.im:; l k Hy /k u 

ksu b ( Cu 1 


The above lorn equations have to be solved .simultaneously. Since 
they ai c non-linr.u equations, it 0 dcMiablc to solve them bv trial. 
Easiest guess could be made about 


Let 


Ln >0.02, so I mi - 1 0000 kg/sq cm 

k u irln-o -- 0.17a and a -12.0 rm 
102/0 


Check for e MI by substituting the value of k u in stress strain relation. 
0.004 

Cmi 0.0014 f- ~-y=|r-X 0.024 = 0.0101- < (0.02 assumed) 

Now assume € oU -- 0.019 

Then f BU == l 1040 fO.OOx 10* v 0.01 9= 1 7700 kg/sq cm 
k u = — 0.I0O and a—11.5 cm 
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Recheck for € su by substituting 

e pll —0.0044-}-0.0165 0.0209 (slightly more than assumed) 

M u =19.3x 10 3 (0.147j f 9.B x 10 8 —100.8 ; 10* kg cm 


85 ULTIMATE DESIGN OF PRESTRESSED CONCRETE 
BEAMS s 

The ultimate moment relation based on the li\ e loads can be written 
as 

M u = n k (M g -|-M s )-i-Ni Mi . . (8.5.1) 

f su <i;i .. (6.5.2; 

Where fm allowable ultimate stress in steel 

15 uni eqs. 8.5.1 and 8.5.2. it could be seen that the ultimate moment 
capacity and the ultimate steel stress must be equal or greater than the 
ultimate designed moment and steed stress. Introducing non-dimension- 
aliscd factors such as (8.1 i 


Q. 


M u 

In d- f\. 


(11x3) 


c a shape factor 


A 

bt h 


bj, ti, b| t ( } b w ( h - h, - 11 
b| h 


cij |v‘r c », 
Ecp 8.5.1 may be written as 
y Ai A /CIA 


t't 


Mi 


8 


l hc ft 


d- f\ 


<) 


N| 

NV 


Mr-M, 


( m - - z m ‘) 

7 d^rTro y i / 
V he’ a Ng 8 


(8.5.i) 


; 8.5.5' 


Eq. 8.5.5 gives the area of section in which tin- values of Claud c tt 
are unknowns. Assuming li to be already fixed by some other criteria, 
the v alue of 5f will be about 85 to 90 percent of h. If a reasonable 
estimate is made lor c tt and Q, the area ol the section will be known. 
The economy of the structure depends upon area of cross section which 
is directly proportional to c u and inversely proportional to Q■ For an 
economical section the value of c a has to be decreased, the value of Q, 
increased, or the value of Q/c a increased. 
c a increases with, (i) increase of cr ( =bb/b|) 

(ii) increase of c w 

(iii) increase of cj, ( - t^/h; and 

(iv) increase of ct ( — U/h) 
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The aim should be to keep the above four conditions close to the 
limiting practical considerations. 

For uniformity in procedure, the equilibrium equations are also 
put in the non-dimensionalised form and given below (8.1). 


Ca se 1: Neutral axis within the top flange. : 

(4) UW)f> d ‘ 


0.= 


M 

b t d 2 


-m 


wlierr 


A h 

bt d 


Case 2: Neutral axis within the web: 


[*(«)*!« I 

5 1 \ d J €u 1 (- J o 

d h " 1 J«„ (i h u\ f « 


»1V 

in 


Ind 2 fV 


b. 


1 


€ 1(e) d e + 


(8.5.6) 


(8.5.7) 

(8.5.8) 


(11.5.9) 




liom the moment equilibrium cqs. B.5.7 and 8.5,10, it can be seen 
that the value of ( ~ M u /btd“l \-) increases with a/d. To have 
maxinumi ultimate load, (a/d) has to be maximum. e BU will be 
minimum for maximum value of (a/d) and should then be equal to 
emi¬ 


nence € e i — 6 SU — 6 8e 



.. (8.5.11) 


Where €„i-—allowable steel strain at ultimate moment from which (a/d) 
could be determined as 


_ — € u 

d ( €nt r *ee ^u) 


(8.5.12) 


8 6. ULTIMATE LOAD DESIGN PROCEDURE : The quantities 
usually furnished are: 
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(i) span; 

(ii) load acting on the span; 

(iii) strength of the materials; 

(iv) load factors from code ; and 

(v) stress-strain relations of the materials. 

Quantities to be determined are: 

(i) area of cross section (A), its shape and dimensions; 

(ii) prestressing force (Pt) ; 

(iii) area of steel (A 8 ) ; and 

(iv) profile of the cable. 

Approximate procedure to be adopted for design of prestressed concrete 
beam by ultimate moment method may be taken as 

(i) select the over-all depth of the beam (h) ; 

(ii) assume a reasonable value of d (approximately 0.35 to 0.90 
times h) ; 

(iii) assume some values of (q, ct, c w etc. and calculate c ft from eq. 
3.5.4 or obtain from tables. While assuming these values, 
the economical sizes have to be selected based on the previous 
discussion ; 

(iv) calculate a/d from eq. 8.5.12 ; 

(v) from the value of ‘a J , investigate to which case does this 
belong to; 

(vi) now calculate q f sl ,/r c from the force equilibrium equation; 

(vii) calculate Q from the moment equilibrium equation; 

(viii) compute b t from Q, then b|> etc. 

Example 8 6 1 : Design of a prestressed concrete beam by ultimate 
load method. 

Data given: span—16 in 

liv e load — Wi 10,000 kg concentrated at the mid span 
n b=1-2, ni = 2.4 and the stress strain relations as given in example 8.3.1. 

Design : 

Let h — - — 80 cm, d = 0.9 h—72 cm, 

c r ^0.6, cij^O.125, c t = 0.125, c w ^0.175, ( Be — 0.004 
. ' . c a — Cb (Cf — C M )~bCl (1—c w ) c w =*0.33 1 

— = ,- ---- .. = 0.161 

d (— *y] "b + tee —*u) 

, 80 

a — 1 1.6 cm whereas t* — — 10 cm 

Since a > h, this problem belongs to case 2, i.e., neutral axis is in the 
web. 
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-0.00042 


From eq. 8.5.9 
0.175x0.161 
0.003x450 


X 0.0015 


— ;< 3 x 10® X (0.0015) 2 -h 3 x 10 5 x (0.003-0.0015) 


+ 


0.025 


<0161 I i-x3;< UP (0.0015*-0.00042*) 
3x450 i 

~j 18000 


0.003x450 
4- 3 x 1U 3 x 0.0015 (0.003-0.0015) 


J 


450 


q = 0.0029 
From moment eq. 8.5.10 

M„ _ 0.175 (0.161) 2 r 3 , 10 5 
I), d- I’,. " 0.003 *x45cT|_ 3 


(0.0015) 3 4- 


450 

•> 


18000 


(0.003 2 — 0.0015 s 


1800C 
J 450 


(0.839) x 0.0029— 0.109 


Let 7=0.0024 kg/cm :i , M s -~0 


Ml -- 10000 X 


1600 


4x10“ kg cm 


From cq. 8.5.5 


A N 1 A f r d 2 f'r Q 7 L 2 1 

L . -:r J 


b, 


2 > 1 v 1()« 

~ 72 x 72 x 450 x 0.109 
80 x0.331 X 1.2 
1106 sq cm 

A _ 1106 

liCa 


-0.0024 


2560000 


— 41.5 cm 


80x0.331 
b|, — 0.6 bt —25 ririj t b ^t t ---10 cm, 
b w = 0.175 x 80=14 cin 
A H = 0.0029 x 1 106 = 3.20 sq cm 

i___ m _ 

. 1 . 


1 iOCm 


(0.003 2 - 

450 


A, r 3 i? sq cm 

r 7 i_ 1 

L-■ L 

U ('4 e i Ti _ 

Fig. 8.6.1 : Section of example 8.6.1 
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8.7. ULTIMATE MOMENT BY I S. CODE OF PRACTICE (I. S.: 

1343—1960): Section 6.8 of I. S : 1343 —1960 discusses different 
types of failure of prestressed concrete beam in which percentage of 
reinforcement governs the type of failure. The procedure is best 
illustrated by working out an example. 

Example 8.7.1: Determination of the ultimate moment capacity of 
a pretensioned concrete section shown in fig. 8.7.1 by 1. S. code of 
practice. U Bl . f' L — 450 kg/sq cm, f' 8 — 15000 kg/sq cm. 

Solution : 

(a) Check for percentage of steel : 

. 0.68 f\. b t t t 


0.68x450 X 60 X 11 
J 5000 


1 3,46 s(| cm 


A| SW = A| n - At fi r = 2U—13.46 -6.54 sq cm 


At,<\\ f V 
bud 1 '<: 


6.54 ; J 5000 
10x72x450 


— 0.3 (>0.24) 


Since the above value is greater than 0.24, the beam will fail by com¬ 
pression and (he corresponding ultimate load is given by 

M u -0.75 i'c (0.25 b w -d 2 J-0.68 t t (bp-lv)) (cl—0.5 t \j 
12.2 X 10° kg cm 


* 




i 

f. 


Fig. 8.7.1 : Example 8.7.1 

Problems 

8.1 Determine the ultimate moment capacity of the 50 m span beam 
of the design example given in chapter III. Determine the factor 
of safety. 

8.2 Determine the ultimate moment capacity of the composite beam 
example discussed in chapter IV. 



CHAPTER IX 


ANALYSIS AND DESIGN OF PRESTRESSED 
CONCRETE BEAMS FOR SHEAR 


9.1. INTRODUCTION : The* previous chapters discuss analysis and 
design of prestressed concrete beams subjected to bending moments. 
Bending moments in beams are usually accompanied by shear forces, so 
such members are designed for combined bending and shear. Because 
of simplicity and limited theoretical and experimental data, design of 
members subjected to combined bending and shear is done independ¬ 
ently for bending and for shear. The failure load is generally predicted 
by taking the combined effect of bending and shear forces. Extensive 
research is being done in this direction to predict failure due to com¬ 
bined bending and shear forces. The problem is rather complex 
and depends upon several variables. Even though a large amount of 
experimental data is available, the exact prediction of the behaviour of 
the beams under combined moment and shear forces has not reached a 
satisfactory stage. A good qualitativ e behaviour is well established and 
attempts are being made to set up a realistic design procedure based on 
the combined action of moment and shear forces. This chapter presents 
some methods of analysis and design for combined shear and moment 
forces. Ultimate load capacity based on shear moment failure is also 
discussed in this chapter. 


9.2. SHEAR STRESS : Uncracked sectional properties are used 
while calculating the shear stress at working load. 

Let X ----- shear stress 

V ----- shear force 

G.y — first moment of area about the point under consideration 



Then the shear stress X for a prismatic member is given by 

VQ,y 

I by 

where by = width of the section at the point 


.. (9.2.1) 
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9.3. PRINCIPAL STRESSES : Beams are essentially two dimens¬ 
ional problems and the principal stresses in plane stress problem are 
given by 



where 

— maximum principal stress 
a. 2 — minimum princ ipal stress 

— normal stress on x plane 


(9.3.1) 

(9.3.2) 


(7 y = normal stress on y plane 


t 



J% 0.1.1 : Planr stress notations 


Oy is transverse stress, very small in most cases. If transverse pre¬ 
stressing is done, then cr y may be considered, otherwise u y may be neg¬ 
lected as compared to o x . In such cases, the principal stresses are 
expressed from eqs. 9.3.1 & 9.3.2 as 


"i •=-y Ox-4 v'ffx 2j -4x"| 


a 2 =y Ox — v a**+4t*l 


(9.3.3) 

(9.3.4) 


The principal stress plane is given by 

Tan2«= (2X ' .. (9.3.5) 

"x 

Where a — angle of principal stress plane 

One of the principal stresses is likely to be tensile and will act at an 
angle ‘a’ with the horizontal axis. For very efficient use of shear steel, 
reinforcement should be laid at an angle a with the horizontal. 
However the practical and economical considerations often suggest 
vertical stirrups. 
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9.4, STIRRUPS FOR WORKING LOADS : Total shear force at 
any section is 

Vt = Vg + V 8 Vi ■■ (9.4.1) 

where 

V g shear force due to self weight 
Y h shear force due to superimposed load 
V] = shear force due to live load and 
V t - total shear force. 

In case the tendon is inclined, the vertical component of the tendon 
force will take a part of the shear force and is given by 

Vp-Pe £ •• (9-4.2) 

where V p - shear force taken by the tendon 
The effective shear force at any section is given by 

V - (V t - V p ) . - (9.4.3) 

where V effective shear force at the section 


The tensile principal stress, sometimes called diagonal tension, acts 
approximately at 30 (The inclination is generally 20 to 40';. The 
ho rizontal component of this tensile force is generally withstood by the 
prestressing force and the vertical component by vertical shear steel or 
concrete. 


Let 


A sv area of vertical stirrup 

fi,v allowable stress in steel stirrups 

s — spacing of the stirrups 
Area of shear steel is given by 
* a \ (sb w ) 

~F - 


(9.4.4) 


IT A sv is already selected, then the spacing of the stirrups is given by 

fer-) ■■ < M - 5 > 


( P rTnUc'CI M ' e&M *■ V 


horiionis 1 CDtnpjnent . 1 


. W,.. -i 

f 

V«rfrt.«i lompown of 

Fig. 9.4.1 ; Components of principal stresses 
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ii j . J‘ 

: a- <j - ' 

A--""- 

t 

Fig. 9.4.2 : Beam with element forces with inclined cracks 

9.5. FAILURE DUE TO SHEAR : Failure of a prestressed concrete 
beam caused by shear can be divided into two groups : 

(i) failure caused by pure shear and 

(ii) failure caused by combined shear and flexure. 

Failure caused by pure shear is very rare and practically never 
occurs in most of the prestressed concrete structures. Failure caused by 
the combined action of shear and bending moment is common. There¬ 
fore it is desirable to design or check beams for u shear-moment failure”. 

It has been observed that a vertical crack starts at the lower fibre 
during overload conditions at maximum bending moment location. In 
simply supported beam vertical cracking propagates towards supports 
as the load increases. Then shear-moment cracks begain to develop. 
Shear moment cracks are normally developed as a continuation of verti¬ 
cal cracks and those cracks in general are from ‘h to 4h’ distance from a 
simple support or from f 0.5h to h' distance from intermediate supports. 
Shear moment cracks develop large deformation, distorting the hori¬ 
zontal reinforcement. Then the distorted longitudinal reinforcement 
starts resisting the vertical shear force. The location and development 
of cracks affect the deformation characteristics of the beam. Specific¬ 
ally, diagonal cracks develop some kind of rotational hinges about which 
the cracked elements rotate. A typical crack development and beam 
rotation is shown in figs. 9.5.1 and 9.5.2. 


! _ 1 




(a) Crack initiation 


_J_ JL _1_L 


(b) Vertical crack propagation 





136 


Prestressed Concrete Structures 


_L_4_*- 


/ ,■ \ \ ) i ).. 


(c) Inclined cracks—shear moment cracks 
Fig. U.5.1 : Typical crack development 



Widening of shear—moment crack (rotation hinge) 

Fig. T5.2 : Hinge development due to inclined crac ks just before failure 

9 6. COMPRESSIVE STRENGTH OF CONCRETE SUBJECTED 
TO COMBINED BENDING AND SHEAR: If f, is the ultimate 
stress of a concrete cube, the ultimate compressive stress available in 
beams will generally be less than F ( . because of shape, length and other 
segregation effects. Ultimate concrete stress is generally given by k p f' c , 
where k p is a factor approximately in the range of 0.64(9.1). If a 
beam is subjected to both bending as well as shear forces, then the 
allowable ultimate compressive stress is further reduced. An approxi¬ 
mate interaction formula has been suggested based on experimental 
data (9.2) and it is 


r'ca=(k„ r\.)/jb+3.2^yj=k 11 k 7 f'e .. (9.6.1) 

k,= 1/^1+3.2 .. (9.6.2) 


where 

f'cs= ultimate concrete stress in a beam subjected to combined 
bending and shear 

kpf' c - ultimate concrete prism strength (in many cases, the prism 
strength is taken equal to bending compressive strength) 

Interaction curve for k 7 is shown in fig. 9.6.1. The values of Vh/M 
are in the order of 0.1 to 0.4 in most of the practical problems. 
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Fig. 9.6.1 ; Interaction curve for combined shear and bending moment 



0 

a ^ 
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Fig. 9.6.2 : Concrete prism strength 


h 
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Value of k p decreases as the length to side ratio increases. This varia¬ 
tion may be attributed to three factors : (i) size effect, (ii) consistency 
variation in the concrete and (iii) effect of friction at the surface of test 
specimens. In case of concrete subjected to pure bending, ultimate 
bending strength in compression is assumed to be higher than that of a 
prism strength. The relation is given by (9.3) 

f'oh= kp k„ r, . • (9.6.3) 

Where 

f' cb = compressive strength of concrete in bending 

k e = nondimensionalised coefficient and its value is suggested to 
be about 1.2 to 1.25 

The practice in working load design assumes a higher strength in bend¬ 
ing as compared to direct compression. If the compressive strength in 
bending is considered to be higher than that in direct compression, then 
compressive strength in shear and bending is also increased accordingly. 
All the calculations in this text are made assuming that the compressive 
strength in bending is the same as the compressive strength of prism. 
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9.7. ULTIMATE BENDING MOMENT UNDER COMBINED 
MOMENT AND SHEAR (MOMENT SHEAR FAILURE) : Rect¬ 
angular cross Section with Straight Tendons : Combined moment and 
shear crack (principal stress) is generally inclined at 20° to 40° to the 
bending axis depending upon the relative magnitude of the quantities. 
I bis crack is idealised at 45 for the purpose of calculation and to be on 
the safe side of the design. An idealised crack and various forces 
acting at the time of failure are shown in fig. 9.7.1. 


1 


t 



('1 - hjUl 

r— 1 -1 


x .r, 

V 


(H ed jnqiuar 

*1 > l 


block ) 


Fitr. ‘J.7.1 : Forres at combined bending and shear failure 
(straight tendon) 


Vertical component of the stirrup forces at failure is 



where 

V 8 —shear force taken by the stirrup steel 


(9.7.1) 


Equations of equilibrium at ultimate load capacity of the section are 


V--~ (1—k 3 k„) Ahv f'sv+t (k 3 k u dh) 
f« A s ~k, k 7 k s k u bd 

Mu (1 - k 3 k„) A sv f' BV J a ) + (k, k, f'c) 

(k 3 k u d) (b) (d—k 2 a) 

= (k, k, k 8 k„) (1— k a k u ) bd 2 f' c + -^-(1 — k 3 k u ) 2 -4- 


or 


f' s = f Ml , (for all practical purposes) 


f.=f. («.) 


4 b— : €* o"l~€pe - l~€u 


“<»e + tcc + fu 



(9.7.2) 

(9.7.3) 


A av f 3 V 

■ . (9.7.4) 

,. (9.7.5) 

■ (9-7.6) 


(9.7.7) 
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Above set of eqs. 9.7.3 to 9.7.7 gives the ultimate moment for a beam 
of rectangular cross section subjected to combined bending and shear. 
For all practical purposes, the value of f \ could be assumed equal to 
f su . However with such an approximation, ultimate capacity of the 
beam is on the unsafe side. 

Example 9.7.1; A simply supported 8 m long prestressed concrete 
beam of rectangular cross section (30 X 80 cm) is provided with a straight 
cable of 10 sq cm having 20 cm eccentricity. Mild steel stirrups of 
1 cm wires at 15 cm are provided for shear. Determine the ultimate 
capacity of the beam. 

Use f' c = 450 kg/sq cm 
f su = 15000 kg/sq cm 
k x —0.85, k 3 = 0.85, k 3 = 0.5 and k 7 = 1 
Solution : 

Since the beam is rectangular in section and simply supported, 
the critical section is at mid span. 

From eq. 9.7.3 

k„ - (A s f s )/(k 1 k 7 k a bd f' r ) =0.295 
k 3 a k 3 k u d --0.295 < 0.85 X 80 = 20 cm 


1 - 



* i k, cJ 


0 0 


j 



rr: 

^- 1 ISOOCOkj. 


Fig. 9.7.2: Example 9.7.1 

The following computations are made with reference to fig 9.7.2. 



Let the ultimate stress of mild steel be 3000 kg/sq cm 

M u = 150000 x 50+3.14 x 3000 x 30= 77.83 x 10 s kg cm 


9.8. ULTIMATE BENDING MOMENT UNDER COMBINED 
BENDING AND SHEAR OF A RECTANGULAR CROSS-SECTION 
WITH INCLINED TENDONS : Fig. 9.8.1 gives the detail of forces 
acting at the time of shear-moment failure of a beam. The inclined 
crack is assumed to be at 45° to the horizontal axis. Ultimate strength 
of concrete and steel are assumed to be effective at the time of failure. 
This assumption is made to simplify the solution. A rigorous solution 
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could be obtained by calculating the stress in steel based upon the 
assumption that plane sections remain plane. 





Fig. D.fl.l . Forces at combined bending and shear failure of a 
beam with inclined cable 


Applying the equilibrium equations at shear moment failure (fig. 9.8.1) 


A* f HU = (k[ k 7 k ; , k„) bd f\. 


where 


dy 


Mir" (kj k 7 k ;j k,i bd 1 (d—k 3 a) -j-^A fl fq tl —— j d 

'•(i k 3 k„)* yA„r av 

— bd®j^k, k 7 k 3 k„ (1—k, k 3 k u ) f' c +p (4x ) fs " 


+ 


y(l-k 3 k„) , 4b f 'sv] 


-[k. k, k.k„ (l-k. k. k.) f.-i-p (-2;-) Cn 


-!-y (1 -k a k„)* Pe f' sv bd 


v] 


p s --ratio of shear reinforcement 


sb 


(9.8.1) 


(9.8.2) 


(9.8.3) 


k tl has to be obtained from eq. 9.8.1 and the ultimate moment 
could be obtained from eq. 9.8.2. 


9 9 ULTIMATE MOMENT UNDER COMBINED BENDING AND 
SHEAR OF I-GIRDER: Expressions for shear moment failure could 
be written in the same way as done for the previous section. There 
are two possible cases of failure in I-girders : (i) neutral axis within 
the top flange, and (ii) neutral axis in the web of the girder. If the 
neutral axis is in the top flange, then ultimate moment is given by 
the previous section by substituting b t for b. 

Fig. 9.9.1 gives complete details at the time of failure of an I-section 
where the neutral axis is in the web portion. 



Analysis and Design of Beams for Shear 


141 



Fig. 9.9.1 : Forces at combined bending and shear 
failure (I-section with neutral axis 
in the web) 


Assume f' b = f bU at the time of failure, ihen the equilibrium equations 
arc given as 


f b u —k 1 k 7 k 3 k u 1 v db w f k 4 k 7 tt ^bt --b w j 1 c * * (9.9,1) 

M u = kj k 7 k 3 k u (1 —k 2 k u ) b w d a f' t .-f k 4 k 7 (d- k 3 if, (b t b w ) t t f' c 

+ (A sv r sv (1 — k 3 k u )-/ 2 s) d 2 4-Ayf^u ^ ^ d . . (9.9.2) 


The values of k u and M u are the two unknowns and these two quantities 
could be obtained from eqs. 9.9.1 and 9.9.2. 

Example 9.9.1 : Determination of ultimate load capacity of a pres¬ 
tressed concrete cantilever beam of 8 m with the cross section as shown 
in fig. 9.9.2 subjected to a uniformly distributed load. 

Given data : 


f' e =450 kg/sq cm and f's - 1 5000 kg/sq cm 
ko—0.5, k 3 — 0.85,k L — 0.85, k 4 = 0.85, f H u —f' K 



Fig. 9.9.2 : Example 9.9.1 

Solution : 

The section at support is subjected to maximum shear and bending 
moment, so the allowable compressive stress depends upon the relative 
ratio. 

Vh _ 8x0.8 _n o 

~M = 8x4 ~ ‘ 


k 7 — 


1 


14-3.2x0.2 


= 0.61 


Assuming the neutral axis in the web portion, from eq. 9.9.1 
k„=[A* f' a -k 4 k 7 t b (b b -b w ) r c ]/(ki k 7 k 3 f' c d b w ) =0.18 
k 3 k u d= 12.2 (> t u ) 
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Strain compatibility to find the type of failure is 




0.00444-0.003 


( 


72-12-2 \ 

" 12.2 ) 


--0.0193—yield strain of steel 

Mu — kj k 7 f' L . [(i b bb) X (72 -5) 4 bvv (12.2 -t h ) x (62—1.1)J 
— 963730 kg cm 

'v u — (M u x 2)I(L-) — k 8/ cm = 3000 k s/ m 


9.10 LOCATION OF FAILURE SECTION: In the last section 
the failure was assumed to occur at a section where the value of k 7 is 
calculated from the shear and moment relation at the section. In any 
problem, it is necessary to locate the likely failure and establish the 
value of k 7 at that section. In statically determinate structures, 
location of shear moment failure can be estimated or derived. An 
example of a well-defined situation is shown in fig. 9.10.1, where shear 
force and bending moment are maximum at a particular section (c c). 
Hence .shear-moment failure will also occur at that section. 


VV W 



ShecK d>ogrom 



Oendirvg moment dnitfrom 

Fig. 9.10.1 : Defined problem of shear moment failure 

(Failure occurs at section c c where bending 
moment and shear force are maximum ) 


In some problems, the zone of failure is not well defined. In a 
simple problem like a simply supported beam subjected to uniform 
loading, maximum bending moment occurs at mid-span although the 
maximum shear force is near the support. Investigations have to be 
made to locate the maximum combined effect. Since the section will 
develop cracks due to bending, it is difficult to establish a generalised 
principal stress equation of the beam. Independent moment and shear 
force diagrams of a simply supported beam arc shown in fig. 9.10.2. 
The figure also gives the effective shear resisted by the cross section and 
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tendon. Location of maximum damage due to the combined effect of 
moment and shear is rather undefined. In such a case as this, failure 
could be either (i) moment failure or (ii) shear-moment failure. Shear- 
moment failure is likely to occur near a heavy concentrated load if it is 
present. Trial analysis generally gives a satisfactory result even though 
it may not give an exact section where the failure occurs (9.3 to 9 . 5 ). 



(a) External shear force, diagram 



(bj Shear force taken 1 »y tcmlon 



(c) Shear force resisted by the section 



(d; Bending moment diagram 
Fig. y.10.2 : Shear and moment diagrams 


Location of shear moment failure in a statically indeterminate 
structure is not easy to predict because of the nature ol the shear and 
bending moment distribution. The effects of secondary bending lorce 
and the curvature in the cable make the problem more complicated. 
Even though a particularly critical section exists at which the failure 
starts, the real failure of a structure is not due to failure ol a single 
section but due to a localised effect. An investigation near the critical 
section gives fairly close approximation of failure load. Sheat and 
moment are maximum near the intermediate supports so the shear- 
moment failure is likely to occur at about h /2 to 2 h from an intci- 
mediate support. A statically indeterminate structure collapses when 
sufficient number of sections yield into a collapsable mechanism. 
Determination ofreai ultimate load capacity should be based on limit 
design. 
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9.11. SUGGESTIONS FROM EXPERIMENTAL INVESTIGA¬ 
TIONS : Extensive experimental investigations have been done on shear 
failures and a large amount of data is being accumulated on the subject. 
In spite of the large experimental data, it is still difficult to suggest any 
exact procedure for design against shear moment failure. Design is 
done independently for bending moment and shear force while shear- 
moment failure load is computed based on the designed section. Effect 
of different parameters on the shear-moment failure, as suggested by 
McGregor, Sozen and Siess (9.6), are given here to help in the design of 
shear reinforcement. 

(i) Effect oj pres tress : Increase in prestressing force increases the 
inclined cracking loads. Even though certain amount of increase in 
cracking load is obtained by increasing the prestressing force, the warning 
against ultimate failure is reduced. A typical behaviour of cracking 
load relative to effective prestressing force is shown in fig. 9.11.1. 



§ Fffactive prestressinj force 

fig. 9.11.1 ,* Effect <>f prestress on cracking load 


(ii) Effect of web thickness: The inclined cracking load appears to be 
independent of the thickness of the web. In most cases, the web 
thickness is in a narrow range so that three dimensional effects do not 
come into play. Web could be treated as a plane stress problem with¬ 
out any loss of accuracy for design purposes. 

(iii) Effect of web reinforcement: Rate of propagation of the shear crack 
depends on web reinforcement. The initation of a crack starts near 
the bottom fibre and is generally independent of the vertical (web) 
reinforcement. However, the propagation of the crack depends upon 
the shear reinforcement. Ultimate shear-moment capacity could be 
increased by increasing the shear reinforcement. 

In beams without web reinforcement, the beam distorts and causes 
kink in the main prestre^sing force. The vertical component of the 



Fig, 911.2 : Kink at vertical crack in a beam with 
web reinforcement 
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prestressing force at the kink contributes towards shear force. The 
kink action reduces the ultimate bending moment capacity even though 
it increases the ultimate shear capacity. The overall ultimate capacity 
of the beam is affected by the kink. The deformation of a beam is also 
affected by vertical reinforcement. A typical load deflection curve with 
different percentages of shear reinforcement is shown in fig. 9.11.3. It 
can be seen that the increase of shear reinforcement decreases the deflec¬ 
tion to some extent and increases the ultimate load capacity of the beam. 
Even in the case of problems where the reinforcement is not needed 
based upon the working load design, it is still desirable to provide some 
nominal shear reinforcement. It will increase the ultimate capacity 
of the beam and also avoid a sudden failure of the beam due to fast 
propagation of inclined crack. 



Fig. 9.11.3 : Qualitative behaviour of a prestressed 

concrete beam based on shear reinforcement 


(iv) Effect of vertical prestressing: Vertical prestress reduces the tensile 
principal stress as shown in the following equation : 

„ a x fvy (cr x + er y 
1 2 L 4 

Effect of <T y is same as of u x as far as the principal stresses are 
concerned. The inclined crack load decreases with increased vertical 
prestressing. The shear-moment failure load could be increased by 
about 5 to 10% by introduction of vertical prestressing, whereas the 
moment failure load is not affected by the vertical prestressing force. 
The effect of vertical prestress on the behaviour of a beam is shown in 
fig. 9.11.4. 


11/2 


.. (9.11.1) 






146 


Prestressed Concrete Structures 



J ig, 9,11.4 ; Typical behaviour of prestressed concrete 
beam with vertical prestressing 


(v) Effect of draping of longitudinal steel: Upward inclination of longitudinal 
reinforcement takes vertical shear and it is proportional to the inclination. 
If the failure is due to shear domination, then the ultimate capacity could 
be increased by draping of the wires. If the failure is a moment failure, 
draping of wires decreases the ultimate load capacity. 

Problems 

9.1 A bridge'slab is to be supported by two frames shown in Fig, 9.1. 
Draw bending moment and shear force diagrams for the structure 
and suggest a cable profile to balance the external forces. 


r 

Sr 



2*51 



Fig. 9.1 : Problem 9.1 


9.2 The beam of problem 9.1 is subjected to a distributed load of 3000 
kg/m. Design prestressing and shear steel for the beam. Determine 
the ultimate strength of the cantilever and the overhang beam 
sections. 






CHAPTER X 


PRESTRESSED CONCRETE FLOORS AND SLABS 


10.1. INTRODUCTION: Slab construction is suitable Tor building 
Hoofs, small bridges and culverts. The slab bridge or culvert construc¬ 
tion is adopted when the span of the bridge is small. In such cases the 
design is simple and could be done as explained in previous chapters. 
There are several types of slab construction, the designs of which present 
interesting and challenging problems. The three major groups of slab 
construction are : 

(i) beam and slab construction ; 

(ii) Hat slab-panel construction ; and 

(iii) Hat plate construction. 

The different types of slab constructions arc shown in tig. 10.1.1. Any 
slab may be classified as one-way or two-way slab based upon the struc¬ 
tural action of the slab. If the span ratio (also called as aspect ratio) 
is large, the slab acts in one direction as a very wide beam. If the 
width of the slab is small as compared to the length, most ol the load is 
carried by the short span. Such a slab is called a one-way slab and 
designed as a very wide beam. If the span ratio is in the neighbour¬ 
hood of 1, the load is carried by both the spans and the slab is called 
two-way slab. The inherent continuity of the structure which has a 
built-in load distributing and sharing capacity gives a factor of safety 
much higher than the safety factor adopted to working stresses. This 



(a) Beam and slab conduction 
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(b) Flat slab construction 
Fig. 10.1.1 : Different lypfes of slab construction 

chapter discusses only an approximate analysis of slabs so that the 
readers who arc not familiar with classical theory can design the slabs 
easily. 


10.2. ONE-WAY SLAB : The bending moment at any point of a 
slab is represented by bending moments along the two perpendicular 
directions and twisting moment in the plane. Neglecting the Poisson’s 
effect, the resisting moments along the tw'o spans may be written as 


M,= - 

Et 3 

12 

3 Z W 

3X 2 

Et 3 

12R X 

.. ( 10 . 2 . 1 ) 

My-,- 

Et 3 

aV 

Et 3 

.. ( 10 . 2 . 2 ) 

12 

'®y* " 

12Ry 


where 

w — deflection of the slab 
RxjRy — radii of curvature of the bent slab 
M x ~ bending moment on x-plane 
M y — bending moment on y-plane 
t = thickness of the slab 

The bending moment curvature relations given in eqs. 10.2.1 and 10.2.2 
could be obtained using a simple beam theory. Fig. 10.2.1 gives the 
sign convensions assumed in arriving at tlie moment curvature relations. 



Fig. 10.2.1 : Slab notations 
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Bending moment is proportional to curvature. To compare the relative 
magnitudes of the bending moments, let the slab be bent in a shallow 
spherical surface for calculating the curvature. From fig. 10.2.2 the 
maximum curvatures could be written as 


T> 


a 2 

Ry 


8 Wmax 

b 2 


8 Wmax 

a 

— 

span of the slab in x-direction 

b 

= 

span of the slab in y-direction 

Wmax 

— 

maximum deflection of the slab 



Fig. 10.2.2 : Curvature deflection relation 

On substitution of the curvature relations, the ratio of moments works 
out to be 


M y a 2 
M x ~ ~b T 


,. (10.2.3) 


Eq. 10.2.3 illustrates an approximate relative magnitude of bending 
moments in two directions. It can be seen that the moment in short 
span direction is much greater than that in the long span direction. 
I or slabs where the span ratio is more than two, most of the load is 
carried by the short span, and the slab should be designed as one-way 
slab. An illustrative example of one-way slab is given below. 


Example 10.2.1 : Design a prestressed concrete slab 5 by 20 m to 
carry a live load of 900 kg/sq m. The slab is simply supported on four 
sides. 


Given data is 

f ' c = 450 kg/cm, f' 5 = 15000 kg/sq cm, and i) = 0.85 
Solution : The aspect ratio of the slab is 4 so the slab should be desi¬ 
gned as one-way slab. Load balancing method is used by considering 
one unit width of the slab. 

Let 


short span 
40 


= 12.5 cm, use t = 12 cm 


t 




150 


Prestressed Concrete Structures 


All calculations are made considering one cm width of the slab with a 
parabolic cable profile. 

Let 

qi — intensity of live load 
intensity of self load 
qt — intensity of total load, then 
cji 9 kg/rn 

q* =r 0.01 x 0.12 x 24 — 2.88 kg/m 

qt “= (qi + q K ) — 1 LB 8 kg/m 

Let the load balanced at working load condition be 
qbe~- 7.5 kg/m and e — 3.0 cm, then 

P e = = 781 kg/cm width 


920 kg/cm width 


qm= - 8.8 kg/m 

C’lieck for stresses at transfer condition: 

Load not balanced = 2.88 — 8.8 = — 5.92 kg/rn 


5.92x2500x0 


8 X 12 X 12 


-137.4 kg/'sq cm 


fit—— 


5.98x2500x6 

8x12x12 


— — 15.8 kg/sq cm (comp) 


Uheck for stresses at working load: 

Load not balanced — 11.88 — 7.5 ~ 4.30 kg/rn 

f P e , M _ 781 , 4.38x2500 x 6 
,0 ‘A ! Z ”"12 "(lx 12: 12 “ 111 

f>, " — I N .' 19.4 kg/sq cm (comp) 


l 10.0 kg/sq cm 


All the stresses are compressive and less than the permissible stresses ; 
hence the section is suitable. The eccentricity at the mid-span is taken 
as 3 cm which gives a cover of 3 cm to centre of the steel. The clear 
cover provision is satisfied for 7 mm wires. 

A * = n 7 f' = inJUn = °' 0875 S H cm 


Use 7 mm wires at 4.5 cm spacing. 

Note : (a) Minimum clear cover of 2 cm is desired. 

(b) Any additional reinforcement will lead to excessive stresses 
at transfer condition, so the steel requirement should be kept 
close to the design. 
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(c) A nominal longitudinal reinforcement of mild steel of 6 mm 
at 30 cm spacing should be used for temperature and secon¬ 
dary stresses. 

There are two practical limitations in adopting load balancing design 
for slab constructions : (i) setting up a curved profile for a thin slab is 
difficult and more so if the eccentricity of the cables have to be changed 
along the long span ; (ii) in a slab which is supported on four edges, the 
maximum bending moment occurs at the middle of the short span and 
decreases slowly towards the edge. To adjust the cables and cable 
profiles to suit the varying bending moment along the long span is not 
easy. Straight cables in the slab may prove to be more economical in 
many small constructions. 

Example 10.2.2: Design a simply supported slab to cover an area of 
20 by 5 m and to carry a load of 900 kg/sq in, using a straight cable 
profile. Compare this design with the design made by load balancing 
method of example 10 . 2 . 1 . 

Data given: 

f' e ^450 kg/sq cm, f' R = 15000 kg/sq cm, and ti^0.85 
Solution : 

Let t = -4^— m 12.5 cm, then q K = 0.125 X - 3 kg/m/cm 


qt= 12 kg/m/cm width 

Let the cable be placed at 2.0 cm eccentricity and with no tensile stress 
at working load. This leads to (by considering 1 cm width) 


f - P( * 

ftP 


V X " 


_,, r i + _ i 

e |_ 12.5 + 12.5x12.5 J 


12.5 + ”12. 
P e =920 kg/cm 
P t =920/11 = 1080 kg/cm 


12 x2500x6 
8 X 12.5 x 12.5 


= 0 


f - P ‘ Pie 
f( t - A + Z 

r __ P* , P 1 

fa - - A 4~ Z 


M g 

Z 


M. 


= 137.0 kg/sq cm 
- — —41 kg/sq cm (comp) 


fee = ** - P 7 eC i 7 ‘ == 143 kg/sq cm 
f te =0 

All the stresses at the middle of the span are within the limits. The 
eccentricity at the edge of the span is 2 cm so it is desirable to check for 
stresses at the end section. Eccentricity is within the kern distance so 
no tensile stresses are developed. The compressive stress at transfer 
will dominate and is given by 





352 


Prestressed Concrete Structures 


169.3 kg/sq cm 


All the stresses at any cross section are within the permissible limits. 

As --ork = -iS ^°- 103 ^ cm 

Use 7 mm wires at 3.75 cm apart. A nominal mild steel reinforcement 
of 6 mm wires at 30 cm apart should be provided in the longitudinal 
direction. 


A straight cable profile increases the area of steel and concrete 
requirements by 17.5% and 4.1 7% respectively as compared to balanced 
load design (curved cable profile). If a controlled curved cable profile 
can be set at less expense, then the curved cable profile is more 
economical. 


10.3. TWO-WAY SLAB: The external load on a slab is distributed 
on both the spans if the span ratio of the slab is in the range of 1 to 2. 
In such slab construction, prestressing is to be done in both the direc¬ 
tions. If z define the cable profiles for cable running in both the 
directions, the effective vertical component of the cable force is then 
given by 

'lh = p, « + P| " •• ( 10 - 3 - 1 ) 

where 

P tl1 ^prestressing force in short span 
Pt B = prestressing force in long span 
qb = balancing load 

z = discrete function defining the cable profiles both in x and 
y directions. 

Let 

Cfc — maximum eccentricity of cable in short span direction 
Ca^maximum eccentricity of cable in long span direction, 
then for parabolic cable profiles, the balancing load is given by 

qu= 8 [ Pt a \ ea + %' 2 eb ] • • (10.3.2) 

The load that is not balanced should be considered for calculation of 
bending moment stresses and deflections. 

There are several approximate formulae developed for calculation 
of bending moments in slabs. The moment coefficient of slabs based 
on orthotropic plate theory are used in the present calculations. In the 
absence of these coefficients, the designer can use the regular plate theory 
coefficients. A modified orthotropic plate theory (10.1) divides the slab 
into middle and end strips and suggests bending moment coefficients. 
The strip partitions are shown in fig, 10.3.1 and the bending moment 
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coefficients are given in fig. 10.3.2. The design bending moments are 
given by 

M b i=/3 1 q b s 
M b 2 =P 2 q b s 

b 2 .. (10 3.3) 

M a:! =/3 4 q b a 
;M b* 

where 

fti> fit, Pi anc * ft 5 arc the bending moment coefficients (lig. 
10.3.2) 

Mb 1 = maximum bending moment for middle half of the short 
span 

Mb ^maximum bending moment for extreme quarter of the 
short span 

M ai = maximum bending moment for middle half of the long 
span 

M Q2 -—maximum bending moment for the extreme quarter of the 
long span 

M a b = maximum twisting moment, which occurs at the corners 
b =short span length 

The design of two-way slab is illustrated through an example. 



Fig. 10.3. I : Modified and actual moments in a 
two-way slab 

Example 10.3.1 : Design of a 8 by 10 m simply supported slab to 
carry a load of 600 kg/sq m. 

Given data: 

f' c =450 kg/sq cm, f* —15000 kg/sq cm 
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Let t - b/50 16 cm 

cover in short span 3 cm, e b -=5 cm and 

cover in long span 3.7 crn, e a --4.3 cm 

Solution: (Design for one cm width of each strip') 
q K = 0.16 ;< 0.01 ; 24 — 0.0384 kg/sq cm 
qi —0.06 kg/sq cm 
Let q H -“0.004 kg/sq cm 
qt 0.1 024 kg/sq cm 

It is desirable to select the balancing load proportional to the external 
load distribution. The bending moment is shown to be inversely pro¬ 
portional to the square of the span of the corresponding direction. 
Therefore the load taken by the span would be inversely proportional 
to the fourth power of the span. (The load is directly proportional 
to the moment and inversely proportional to the square of the span). 


The load on span is proportional to 
8 Pt b e b 


the balancing load is 


b 2 


8 PtbCb 
b 2 

or P t b 

Similarly 

Ptm 


a 4 gut 
a 4 4 b 4 

a* b a qi>t 
8 (a 4 -bb 4 ) e b 

b 4 a 8 q bt 
8 (a 4 +b 4 )e a 


a4q - > \ A 

a 4 Lb 4 J anc * 


(10.3.4) 

(10.3.5) 
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Let qbt = 0.07 (vs q g =0.0384 and q t =0.1024) 
Then from eq. 10.3.5 


p«b= ( 

f 10 4 \ / 6M 

^ I0-* + 8 4 J ( 8x5 y 

) (10000 q,„i 

= 800 kg/cm width 

Pta- ( 

( 8* \ 

/ 100 > 

) 10000 qi.t 

= 700 kg/cm width 

, io 4 +8 J ) 

V 8 :4.3 . 


Load that is not balanced at transfer condition 


= 0.0384—0.07— — 0.0316 kg/sq cm 

The bending moment coefficients for two-way slab from fig. 10.3.2 can 
lie obtained as (for a/b = 1.25) 

/3 1 = 0.055, £, = 0.025, £ 3 = 0.038 
£ 4 = 0.018, /+- 0.046 

I herefore corresponding bending moments from cq. 10.3.3 are 


M lu = 0.055 x 0.0316 x 640000- 1110 kg cm/cm 

Mtj^-505 kg cm/cm 

M ai ~ 765 kg crn/cm 

M a ,,-- 305 kg cm/cm 

Afab = 930 kg cm/cm 


Check for stresses at transfer : 


f 

fet 

ftt 


lhb Mbi 

A ~ Z 


300 

16 


1110x6 

^ 256 


= 50 26 


= 50 + 26 = 76 kg/sq cm 

= — 50 + 26=— 24 kg/sq cm (comp) 


It is not necessary to check for the stresses in the extreme quarter strip 
as the stresses in the middle strip are within the allowable limits. 


Check for stresses at working load condition : 

Peb = T l Ptb = 0.85x 800 680 kg/cm width 
Load that is not balanced = q t —0,85 qt,t = 0.0429 kg/sq cm 

f ce = —=42.5 + 35.2 = 77.7 kg/sq cm 
A Z. 

f te =—42.5 + 35.2= — 7.3 kg/sq cm (comp) 

As the stresses at the critical section are much below the limiting 
stresses, it is not necessary to check for the stresses at the other sections. 
The area of steel may be obtained as 

Asb = Sr = 10500 = 0 - 071 cra/cm width 
A„ =^-=-^5_=0.067 sq cm/cm width 
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Since the stresses are much below the allowable limits, the thickness of 
the slab could be reduced to 15 cm. With 15 cm thick slab, the stresses 
are found to be within the limits. 


Adopt the following: 

Thickness of slab —15 cm, 

0.071 sq cm, A sa —0.067 sq cm 

in which A sa and A H b are the reinforcement in the long and short span 
directions. 

Maximum percentage of reinforcement is about 0.5 percent. Additional 
reinforcement to take care of twisting moment has to be provided. 

Check for defection : Elastic theory of plates can be applied to prestres¬ 
sed concrete slabs even for deflection measurements. The deflec¬ 
tion coefficients can be taken from the theory of plates. In the present 
section, the deflection coefficients are taken from “Theory of plates and 
shells” by Timoshenko (10.2). 

Let 


St — maximum deflection at transfer condition 
5 ( i maximum deflection at working load condition 
The deflection for a plate of aspect ratio 1.25 is given as 
0.006 q b 1 

6 " . K 'd 


St 


0.006 X 0.0316) X800 1 
1/12 x~15 3 x 3.82 x 10 B " 


= —0.70 (upward) 


(prorating the deflection for unbalanced load) 

/ 4.29 \ 

fie ~=(0.78)( 3 J = 1.06 cm. 

(The unbalanced loads are taken same as the original because there is 
not much deviation in the final section). 

A reinforced cement concrete slab will deflect by about 2.3 cm for 
the same live load conditions assuming an uncracked section. So the 
deflection of prestressed concrete slab is very small as compared to a 
reinforced concrete slab. This characteristic behaviour is very useful 
for large spans. 

Ultimate load capacity of a slab is much higher than the ultimate 
capacity of the section. A slab will not faii by yielding at any one parti¬ 
cular cross section but fails by yielding at several sections in a pattern 
so that the total slab forms into a collapsable mechanism. Calculation 
of the ultimate load of a slab by yield line theory is not discussed in this 
section. 


10.4. PRESTRESSED CONCRETE BEAM AND SLAB CONS- 
TRUCTION : Prestressed concrete beam and slab construction is not 
very popular because of the constructional difficulties and economical 
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considerations. Prestressing operations in beam and slab construction 
are too involved to be very economical. Use of precast prestressed 
beams appear to be a more logical method of construction and has 
gained some popularity in the field. In such a case of construction, the 
design could be done independently for beams and for slab, treating 
the beam as a composite construction. 

10.5. PRESTRESSED CONCRETE FLAT SLAB: Prestressed 
concrete flat slab construction gained great importance because of 
several reasons that yielded in economy. Flat slab constructions 
lias the adaptability for any type of building requirements, case in 
form work, casting of concrete and prestressing operations (10.3 to 
10.7). Lift slab construction which forms a part of flat slab construc¬ 
tion has gained importance because of the ease in piestressing 
and form work operations. Lift slab construction is the one in which 
all the floors are cast in sequence at ground level, prestressed and 
lifted to the corresponding floor level by proper hoisting arrangements. 
There are three positive advantages in lift slab construction : (i) the 

flat surface of the slab gives an advantage and economy in casting the 
slabs at one level, one over the other with practically no money and 
time involved in shuttering arrangements ; (ii) prestressing operations 
do not involve in any temporary hoisting and supporting arrange¬ 
ments; and (iii) the self weight of the slab is small as compared to 
any other construction. The methods for lift slab construction arc 
changing fast to suit the availability of equipment and personnel. 

Lifting of the slab is done with a mechanical or hydraulic jacking 
system using the building columns as supports. Fastening the slab to 
columns and other details are not discussed in this chapter. 

Design of Prestressed Concrete Flat Slab : Flat slabs are invariably 
continuous so it is desirable to discuss the design of continuous flat 
slabs. Analysis of continuous flat plate supported on column 
presents a complex statically indeterminate structural problem. An 
exact analysis is difficult, so an approximate analysis based on 
wide beam theory is presented here. Approximate moment co¬ 
efficients are available in “Theory of plates and shells” by Timoshenko 
(10.3) which can be used in design. The flat slab could be treated 
as two sets of continuous beams, each set spanning in one direction. 
Fig. 10.5.1 illustrates the approximation made. The approximation 
of beam theory assumes that the flat slab is treated as a wide beam 
rigidly supported along the column line. 

The design bending moments either at support or at middle of any 
span arc computed based on continuous beam theory treating the 
total width of the slab as the width of the beam. The total bending 
moment is then redistributed along the width giving a higher weightage 



158 


Prestressed Concrete Structures 



Connnoy* btam in X~dlrtcnon 

Fig. 10.5. 1 : Flat slab ori columns approximated as 
beams in two directions 

to the column strip as compared to the middle strip. The weightage 
of column and middle strip bending moments depend upon the number 
ol columns along the width of the assumed continuous beam. The 
bending moment is proportional to the rate of change of slope of the 
deflected slab profile. The rate of change of slope of column strip is 
much higher than that of a middle strip. The division of strips, its 
qualitative behaviour and approximate bending moments along the 
width of the slab are shown in fig. 10.5.2. 



(a) Deformation of column and middle strips 



(c) Bending moments on middle strip 
Fig. 10.5.2 : Column middle strip distribution in 
flat slab 
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Two methods of design are discussed in this section: (i) if 
the cable profile could be made in a curved form, then load balancing 
method of design is used; (ii) if a straight cable profile is adopted, 
then simple beam column theory is adopted. The bending 
moment profile is not very well known in a flat slab and even if an 
approximate moment profile is determined, it changes very rapidly 
so the adjustment of cable profile to suit the bending moment profile 
in balancing the load is not an easy practicable task and the loss of 
prestress due to curvature is relatively high. Hence a straight cable 
profile appears to be a more realistic and practicable solution in flat 
slab. An illustrative example using the two methods is given. 

Example 10.5.1: An area of 32 by 40 m is to be covered by a flat 
slab lor a live load of 500 kg/sq in. Design a prestressed concrete flat 
slab. 

Given data : 

f'o=450 kg/sq cm, 15000 kg/sq cm 
column spacing—800 cm and 

thickness of slab = —20 cm 

40 

Solution: The spacing of the columns and the corresponding 
bending moments based on beam theory arc shown in fig. 10.5.3. The 
design is worked out by load balancing method with parabolic cable 
profile. 

It is desirable to assume a parabolic cable profile with constant 
radii in ail the spans. This keeps the balancing loads constant in the 
slab. The design is done for column and middle strip in one direction, 
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(a) Position of columns 



(b) Bending moment coefficient (qL 8 ) 
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(c) Gable profile of column strip 
Fig. 10.5.3 : Flat slab design example 

and since the bending moments in the second direction are of same 
order as those in other direction, the same prestressing is adopted in 
second direction. 

Design of column strip : 

q* - 2400 ^ 0.20 — 480 kg/sq m 
qi -- 500 kg/sq rri, q t 480-{-500 = 980 kg/sq m 
Let g 4 cm (where g is maximum sag) and the intensity of load 
balanced at transfer be q b t and it is 
qt)t = 1000 kg/sq in 

Now q ht (Pta + Ptb) 

As the spans are equal, let P ta = P tb = P t 

Then P t =4^rr/d- =100000 kg/m width 
10x0.04 


= 1\/A 
100000 
~ 20x100 


50 kg/sq cm 


1 he prestressing cable changes its direction giving a downward 
component along the column line which increases the bending moments 
at working load conditions of the column strip. To reduce the vertical 
component along the column line, it is desirable to take minimum 
eccentricity of the cable. It will also be seen that the compressive 
stresses are not really governing so the prestressing force could be 
increased and the eccentricity decreased. A free body diagram of 
prestressing cable force is shown in fig. 10.5.4. An exact analysis and 
design for this type of force system is difficult. It may be observed that 
the vertical component of the prestressing force at column line is 
[8Ptg/L]. For the particular slab, this component force distributed 
over the entire area of the column strip (8x4) gives intensity of load 
equal to 1000 kg/sq in. The analysis should be done by including this 
vertical component force. 



(a) Vertical force component of the cable 
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(b) One unit of slab 

Fig, 10,5.4 : Free body diagram of one panel slab 
with equivalent piestressing forces 

Load not balanced on the column strip at transfer 

1000 , 1000 , 


= 480 


480 kg/sq m 


Load not balanced on the middle strip at transfer 
—: 480 — 1000— -520 kg/sq m 
(The —ve sign indicates load acting upward) 

The effective intensity of load on one panel width may be taken as the 

mean of the intensities on the column and middle strips. 

The effective intensity of load on the slab at transfer 

480-520 f>n , , 

r, — — 20 kg/sq m 

This effective load at transfer is negligibly small, therefore the stresses 
caused due to flexure arc very small. The stresses at top and bottom of 
the slab be taken equal to 

-b = 50 kg/sq cm 

The maximum bending moment occurs at the support B and this moment 
at transfer (fig. 10.5.3 for moment coefficient) 

41 q a 2 41 x20 , 8x8 1Q7 . , 

Mbt =-3§4 ~ = -384- = 137 kgm/m 

— 13700 kg ern/m 

This moment is shared by the column and middle strips. Let the column 
strip be assumed to carry 70 percent of the moment while the middle 
strip carries the rest of the moment. The bending moments of column 
and middle strips are denoted by a superscript of c and in respectively. 

0.7 13700 — 9590 kg rm/50 cm 

M m fo t —0.3 x 13700 - 4110 kg cm/50 cm 
Check for stresses in the column strip at transfer condition : 

P t M c bt 100000 9590x6 

l ct _ z - 2 q x 100 + 50x20x20 

= 50 + 2.8=52.8 kg/sq cm 


137 kg m/m 
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ftt = - ^ +—^- = -50+2.8 = -47.2 kg/sq cm. 


Both the stresses are within the permissible limits. 
Check for stresses in the column strip at working load : 

P e - 0.85 P t 85000 kg/m 


Load not balanced in the column strip 


- 980 - 


850 

9 



-- 980 kg/sq m 


Load not balanced in the middle strip 

980 -850 130 kg/sq m 

w rl . 980 + 130 _ r .. . 

Mean intensity of load= — =5oo kg/sq m 


M ( 'bo - 



0.7 :41 



X 555 x 8 x 8 
384 


= — 2570 kgm/50 cm 
= — 257000 kg cm/50 cm 


1\. , _M c i>e__ 85000 257000x6 

10 r_ A ~ r Z ~ 100x20 + 50x20x20 

- 42.5 + 77.2 - 1 19.7 kg/sq cm 
f.o - V * + ' Vl z >, ° =-42.5 + 77.2 = 34.7 kg/sq cm 


Similar computation for stresses for the middle strip both for positive and 
negative bending moments is to be made. 

To keep the balancing force constant throughout the slab, it is 
desirable to keep the prestressing force and eccentricity same both in 
the middle and column strips. This adoption is not very economical as 
it takes higher steel content. An approximate and effective economy 
could be obtained by redistributing the cables so that a higher intensity is 
provided in the column strip as compared to the middle strip. 

A b ----- f .! * =8.88 sq cm/m 

The load balancing method discussed in this example is an approximate 
method. The approximations could be justified because of symmetry in 
loads and also the number of spans are more than three. There are 
some practical difficulties in setting up the alignment. The loss of 
prestress due to the curvature is also considerable. To avoid the design 
and the practical difficulties, it is some times advantageous to provide a 
straight cable across the slab. Such a cable when provided eccentrically 
will generate secondary bending moments. Determination of the secondary 
bending moments is difficult. Therefore it is desirable to keep the cable 
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at the centroidal axis or at least very close to it. The secondary bending 
moments may be negligible in case of very small eccentric straight cables, 
1’hc method is illustrated thro ugh an example. 

Example 10.5.2 : An area of 32 X 40 m is to be covered by a flat 
slab and it is subjected to 500 kg/sq in of live load. Design a slab 
assuming a straight cable profile (same as example 10.5.1 with a change 
in the cable profile). 

Given data : 

f # o =450 kg/sq cm, f st ™ 10500 kg/sq cm 

f' 8 = 15000 kg/sq cm, column spacing -800 cm and 

thickness of slab = 24 cm 

Solution : 

The spacing of the columns and the corresponding bending 
moment based on beam theory are shown in fig. 10.5.3 (same as adopted 
in example 10.5.1). The slab is subjected to positive and negative 
bending moments and the negative bending moment dominates the 
design. So adopt a negative eccentricity of 1 cm straight cable. 
q K =2400 X 0.24 = 576 kg/sq in 
q 2 - 500 kg/sq m 
.c|t — 1076 kg/sq m 

Design oj column strip at support B : Let there be no tensile stress, 
present at working load condition at the support B then 



It is assumed that 70 percent of the moment is taken by the column 
^trip and 30 percent by the middle strip. Then 

M c b C = X 1076 X 8 X 800 >' 0.7--513000 kg cm/50 cm 

M“ bc = 41 , X 1076 X 8 x 800 x 0.3-221000 kg cm/50 cm 
3o4 

I he substitution of M c: t )c in eq. 10.5.1 gives 

P - =0.2 f'«. 

A 

P e = 102600 kg/50 cm 

Pt - ‘^° = 121000 kg/50 cm 

Check for stress at support B of the column strip : 

ftc= o 

_ P e P e e M' t.c _ 102600 102600x6 513000 x 6 

ce - A z + z 50x24 50x24x 24 50x24x24 

= 85.8-21.54-107=171.3 kg/sq cm 
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Check for stresses at mid span of column strip : 

-- moment coefficient = 27.5/384 

r I 3 . , P c e , M ( ', 

u, = - A 


z 


z 


— 85.8 [-21 .5-1-72 = 7.7 kg/sq cm 

p p e \lv 

fee =-£-+ ~^~+ ‘ 7 - tfe =85.8+21.5x 72=179.3 kg/sq cm 

Stresses at other points of the span need to be checked. 
a 121000 Ilr 

a« =—To3oo — = 5 sq cm / 50 cm 

Use 60 wires of 7 mm diameter per metre width in two or three 
rows or in strand. 

Design of middle strip : The bending moments at the middle strip are 
3/7 of the column strip. llierefore the prestressing force could be about 
half of the column strip and the stresses be checked. 

Pet 


Pc 


102600 


^ 51300 kg/50 cm 

Check for stresses at support of middle strip : 


f„. 


IV P 0 e 

A / 

y ■ - 42.6—10.8+48 

1 ,,. 

-•.7 

- 42. 

A kg/sq cm 

6 10 HMli- 

78.1 kg/s(| cm 

fit 

- 

Pt Pte 

A _t ~ Z 

^ , . .. . , 
y V. (permissible) 

f,l 

Pi 

A 

Pte M 

z : 

,u bt 

y <C (permissible) 


Check for stresses at middle of the middle strip : 

r Po P e e 

fte =- z ~= 42.6+10.8 + 31 

0-8 kg/sq cm (permissible) 

+ (permissible) 


fo 


p,. 

A 


P,.e M“' gc . 

/ + /, 


JOnoB of 7mm/m 30 nos of 7 mm in miftdt« Btrip/m^ 
© O nos of 7 m m /m f , 60 not of 7mrriin column a 


! sTrio/mi 
i sfrlp/mj 


t- /+:./ 

- 7 - 

/ 

^ 1 cm 

L _ n no -- > 

-1- 


—H 200 [—400 -f- 400 *1* 400 -40O“^j 

jMiddl* srrip)Column smolM'ddl* • rrp |Column tfr0, 

Fig. 10.5.5 : Reinforcement in slab—Example (10.5.2) 



Prestressed Concrete Floors and Slabs 


165 


Use 30 wires of 7 mm diameter for one metre width. Fig. (10.5,5) gives 

steel distribution in half of the slab. 

Problems 

10.1 There are three parallel walls of 20 m long and spaced at 3m 
apart with two end walls. Design a prestressed concrete slab to 
cover the area. Use f' c =400 kg/sq cm, 15000 kg/sq cm. The 
working load on the slab be taken as 500 kg/sq m. 

10.2 Design a two-way slab to cover an area of 4 by 6 m and to carry 
a working load of 600 kg/sqm. The slab be designed as prestressed 
in both the directions with straight cables. Use f' c = 400 kg/sq cm 
and Pg-15000 kg/sq cm. 

10.3 A small building consists of three rooms and the plan of which is 
shown in fig. 10.1. The live load to be carried by the roof is 
240 kg/sqm. Design a single flat slab to cover the entire area. 
Use P c =400 kg/sq cm and P s = 15000 kg/sq cm. 

Hint : The slab is to be assumed as simply supported on the outer 
walls. The continuity of the slab over the intermediate walls be 
idealised as fixed edge support. The appropriate bending moment 
coefficients for slabs with different edge conditions may be taken 
from the code specifications. The fixed end bending moments for 
two adjacent slabs at the common support are likely to be different. 
Take a mean of the fixed edge bending moments at the intermediate 
support and design a cable going from one end of the slab to 
the other end. Do not curtail the cables at the intermediate wall 
level. 


10.4 



Fig. 10.1—Problem 10.3 


An area of 30 by 40 m is to be covered by a flat slab with a 
working load of 400 kg/sq m over the slab. Design the slab as 
supported on columns spaced at 6 in and 8 m in the 30 m and 40 m 
directions respectively. Use f' c =400 kg/sq cm and f'»~ 15000 
kg/sq cm. 



CHAPTER XI 


FOLDED PLATE AND SHELL STRUCTURES 


11.1. INTRODUCTION : The efficiency of a structure depends up¬ 
on the effective use of materials in the structure. Shell structures have 
an inherent advantage in their geometry to distribute the load effecti¬ 
vely to all the material instead of concentrating the load resistances to 
any particular portion. The load carrying capacity of the shells de¬ 
pends basically on the shape of the structure rather than on the mass of 
materials used. Even though the shells are very efficient structures, 
their use is limited to specific purposes due to other utility criteria. 
They are generally used as roof structures and sometimes as foundation 
structural elements. There is a positive aesthetic advantage in using 
these structures for roof elements. The architect has a great flexibility 
in adopting any desired shape and curve to express the human 
imagination through the structures. Conventional shells such as 
cylindrical and spherical shells are not very difficult to analyse for 
given standard boundary conditions. Shells of double curvature and 
shells of arbitrary curves accommodate the imagination of architects but 
are rather difficult to analyse. Approximate methods or experimental 
techniques arc used as a basis of design in such complicated shell struc¬ 
tures, Analysis of prestressed concrete shell structures presents much 
more sophistication as compared to the reinforced concrete shells. The 
use of prestressing is commonly adopted for conventional shells such as 
cylindrical, spherical and folded plates without much difficulty. This 
chapter presents some simplified and approximate analysis which are 
good for most of the practical problems. The book is designed essen¬ 
tially for those who are not familiar with the theory of shells. Readers 
who would like to have more detailed information are referred to some 
of the standard books on shell theory (11.1 — 11.6). 

11.2. ANALYSIS OF FOLDED PLATES : Folded plates may be 
broadly classified into three groups such as long, intermediate and short 
folded plates. When the length to rise ratio of the folded plate is grea¬ 
ter than 10, it is called long plate ; otherwise it falls into one of the two 
remaining categories. Methods of analysis of folded plates are generally 
classified as (i) beam method ; (ii) folded plate theory neglecting the 
relative joint displacements; (iii) folded plate theory considering rela¬ 
tive joint displacements; and (iv) elasticity approach. Beam method 
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which comes out of simple statics uses the beam formula, treating 
the folded plate as a beam. This method, which is based on linear 
stress variation in cross-section of the fold, neglects the transverse 
slab bending moments and therefore die method is dependable for long 
folded plates. Folded plate theory neglecting the relative joint displace¬ 
ments assumes that the plates are relatively deep in their own plane so 
as to provide transverse supporting reactions at the folds. Thus the 
folded plate in the transverse direction is treated as continuous one-way 
slab. This method, even though it makes a better approximation than 
beam theory, is slill an approximate method and likely to give trans¬ 
verse bending moments of the slab higher than the actual ones. The 
third folded plate theory which considers the relative joint displace¬ 
ments, is much improved and more accurate. It can be applied to 
most of the folded plates except very short plates. The fourth method 
which is the most accurate of all, treats the structure as a continuum 
and uses an elasticity approach. The presentation of this method is 
beyond the scope of this book. The first two methods are failly straight 
forward and do not need much explanation. Therefore only the third 
method—folded plate theory considering relative joint displacements, 
is described in this book. 

The folded plate theory considering the relative joint displacements 
separates the structure into two structural actions. The .slab in the 
transverse direction is treated as a continuous slab on elastic supports 
and the forces in the slab are evaluated using slope-deflection equations. 
The plate in the longitudinal direction is treated as a beam subjected to 
the forces in its plane. Displacements at the folds are used as compati¬ 
bility conditions between the transverse slab and longitudinal beam 
actions (11.7). 

(i) Slab action : Fig. 11.2.2 illustrates the two actions of folded plate, 
(a) slab action, and (b) beam action. Plane of any plate is taken as 
xy plane while x-axis is considered to be the longitudinal axis of the 
plate. For the purpose of analysis, all external loads on the plate are 
resolved into two perpendicular directions. One is transverse to the 
plate and the other is in the plane of the plate. All external loads are 
assumed to be of harmonic function (sin nirx/L) so as to simplify the 
analysis of force and deformation relations in the longitudinal section of 
the folded plate. Any distributed load is approximated as an equiva¬ 
lent harmonic load and the results are deduced from it. 

Analysis : Let the load on any slab connecting i and i + 1 joints be 
represented by 

. TTX 

qiifi = q sin ^ 

where 

L=length of the folded plate 
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Folded piore , Load component t, Slob srrip action- Beam action in *y 

in fz plane plane 

Fig. 11.2.2 : Folded plate structural action 
q 11 _|. j = in tensity of load acting vertically downwards 
Let q z and q y be the components of the distributed load q in z and 
y-directions respectively. The forces and deformations used in the 
derivations are shown in fig. 1 1.2.3. 



Fig. 11.2.3 : Slab strip spanning between i and i f 1 joints 
Considering a unit width of the slab spanning between i and i-}-l joints, 
the force deformation relations could be written as 


mjj+i 

mi+ii 

Qiui 

Qj+n 


— nifii-F! -f-kii+i (20j T 0t+i~ 35 jm-i) 

= nifi + n Tkjt+j (20i-fi-f 0i — 3Sii+i) 


(mn+i — mini) _qzd n+i 

dun 2 

mi-Fii —mii+i _qzdij+i 

dn-Li 2 


J 


( 11 . 2 . 1 ) 


where 

mii +1 =bending moment at joint i of slab connecting i and i + 1 
joints 

Qh -h = shear force at joint i of slab connecting i and i-f 1 joints 
<Pi = rotation of joint i 
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, 2Et 3 

k ' 12d 

d — width of slab 

Momnit compatibility at joint i yields 
mu T inn , m L 

The compatibility equations lead to three moment equations as 



_ 1 n~~— (2 rnn-f m f |_i) -j- 1 (2 in n ] m n+ i) .. (11.2.2) 

k i it k u 11 

Eq. 11.2.2. is essentially a governing equation of the ith joint, contain¬ 
ing one moment and deflection of the joint. If there are n joints, there 
will be n equations involving 2.v unknowns, n unknowns could be 
evaluated from the n joint equations and the other n unknowns will have 
to be determined from the deflection compatibility of the slab and the 
longitudinal beam action. 

(it) Beam action The three types of loads acting on the beam 
clement are shown in fig. 1 1.2.4. 

( i ) Component of the distributed load (q y ) in the plane of the 
plate ; 

(ii ) component of the slab transverse shear force (Q,) ; 

( iii) component of the line load acting at the joint or fold. 

The line load at the joint is first resolved into components along with 
the transverse shear (Q.). The < fleet of the plane force is determined 
as shown in fig. 11.2.4. 

Let 

Si — line load at the ith joint 


= S sin 


1TX 

L 


Rti j —combined effect of the line load and the transverse shear Q 
at the ith joint, transverse to plate ii—1 

Similarly Run 

Then the forces at the fold arc given by 

Rn-1“ Su-i } Ciii-i "j 

y .. (ii.2.3) 

Run= Sii^+Qu+i J 

The components of fold forces in the plane of the plates are given by 


Pit i = — (Ru-t Cos«i+Ru+i) cosec«i 
Pun = (Rii-i+Raa cosrti) cosecai 


(11.2.4) 
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Fig. 11.2.4 : Forces at joints and tlirir components in the plane of the plates 


where 


a] =angle of deviation of the plates 

P ji _ 1 = force acting at the ith joint in the plane of the plate i, i — 1 
On any plate there will be two forces acting one at each of the two 
joints of the plate as shown in fig. 1 1.2.5. 

Let Pi =totaI effective force on the plate ii—1, then 


H-Pi- 


ll 

UK \ 

q y dy - 

0 

(Pi sin L j 


(11.2.5) 


Considering only shallow plates where depth (d) is small as compared 
to the length (L), the plate could be treated as a beam loaded with Pj. 
Then the mid-span bending moment for the loading is 

M lp =-~- •• (U.2.6) 


The corresponding extreme fibre stresses based on simple beam theory 
are 


fpi-it 

fpii-l 


Mip 

z", V 

-M lp 

Zi_i, 


(11.2.7) 
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where 

Mjp — bending moment of mid-span of plate i — 1, i. 
fpi-it = bending stress due to load P at i — 1 th 
joint of plate i—1, i and similarly fpii-j 

Zi-ji = modulus of section of the plate about z-axis 


p. 

P, - P‘, || < Pn ! + j f J y ’v 

Fig 1 1.2.5 : Effective force acting in the plane of plate 




Fig. 11.2.6 : Plate acting as a beam 


Bending stresses of the two adjacent plates at the common edge or 
fold should cause equal strains. If the extreme fibre strains of the two 
adjacent plates due to P forces are not compatible at the fold, then a 
secondary set of stresses will be generated within the plate. Such stres¬ 
ses could be generated by a self equilibrium shear force system. 

Let Ti-j and Ti be the self equilibrium shear forces developed at 
the i— 1 and i folds of the structure. These must vary in sin wx/L form 
to be compatible with the other stress system. The bending moment 
and normal forces due to the shear forces are given by 

M, t = - dl 2 1 -' (Tj-i+TO .. (11.2.8) 

N„ = Ti-j—T, .. (11-2.9) 

where 

Mn=bending moment on the plate i— 1, i due to shear force T 

Nit —normal force on the plate due to shear force T 
Stresses due to the shear force system may be obtained as 


ftl-li — 

N, t 

M lt 

Ai-u 

Zi-n 

Aii-i = 

Nu 

Ai-u 

, M lt 
+ Z,-i, 


( 11 . 2 . 10 ) 
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where 

f t =stress in the plate due to shear force T 

Final extreme fibre stresses can now be obtained from cqs. 11.2.7 

and 11.2.10 


fi-li == fpl—tl -H ftl-1 i = 


-M 


ip 


Mi 


Zi_i, 


Mip + Mn 

Zi-u 


bi- i —fpn i t ft i i i — / h 

Eq. 1 1.2.11 could also be expressed as 


N lt 

Aii, 

Nit 
A* ii 


1 


( 11 , 2 . 11 ) 


fi-li= 

"7 Mtp i 
Zi-n 

4T f ., ;-2T 
Ai-n 

fii-l= 

M lp 

4T.H-2T,-: 

N 

Ai ii 


( 11 . 2 . 12 ) 


Assuming the Poisson’s ratio is zero, the longitudinal strain compatibi¬ 
lity reduces to equivalence of the stresses at the fold. A diagramatic 
representation of the two adjacent stresses is shown in fig. 11.2.7. 

The strain compatibility then gives 

fii 

Tim 


il-l 

= fnn or 


T W_ 

Ai_n 


1 > 

An M J 


M, p 

Mp i p 


~2Z].n 

2 Zu m 


T,+ 


(11.2.13) 


Eq. 11.2.13, when applied to each of the folds, will generate sufficient 
number of equations to determine the shear forces T. 


Displacement compatibility of the slab and beam actions : The plate edges go 
through defleciion which should be compatible with slab and beam 
actions. The deflection in slab action is already indicated by The 
loading on the beam action of the plate vary as sin irx/L so the mid-span 
deflection in the plane of the plate due to sin irx/L load is given by 


M, Li 2 _ 12 / M L 2 \ 

Vll-!— EI rt 2 E ^ t d 2 Ji 


(11.2.14) 


where 


Vii_ 1 = deflection in the plane of the plate i — li 

M] =Mjp+M]t 
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f,r +ll * fur, 



Fig. 11.2.7: Longitudinal strain compatibility 
condition (Poisson’s ratio —0) 


Deflections of plates adjacent to joint i should together produce a com¬ 
patible deflection as shown in fig. 1 1.2.8. 


$ ^ r 



Fis?. 1 1.2.a : Deflection of fold i 


From fig. 11.2.8, deflection relation could be written as 

W| — (vn +1 — vn-j cos «i) cosec «j .. (11.2.15) 



(vti+1 ™ v li-i cos «i) cosec a r(Vi^ 1 i+ Vi-n^ a cosorj-j) cosec a 1 „ 1 
dn~i 

vu-H c osec CT|— (cot«j4-C osec o^) v h-, +v j cot ct j-y 

d it-i 


.. ( 11 . 2 . 16 ) 
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The derivation apparently looks pretty involved. However the solution 
could be obtained from the series of simultaneous equations, or through 
an iterated scheme. 

11.3. DESIGN OF FOLDED PLATES: The load balancing 
method is a good approach to the design of folded plates. Folded 
plates are to be designed for transfer load and working load conditions. 
The external load acting on the folded plate is essentially due to self- 
weight of the plate with relatively small live load. These two loads 
could be taken as acting vertically downwards and resolved into per¬ 
pendicular coordinates, one normal to the plate and another in the 
plane of the plate. Span of the slab is usually small and it is also not 
convenient to impose prestressing force along the slab profile. There¬ 
fore, the slab is designed as a simple reinforced concrete slab and the 
prestressing is done in the longitudinal direction of the plate to com¬ 
pensate the beam action (11.8—11.12). 

Design example 11.3.1: Design of a folded plate structure to cover 
an area of 30 by 10 m using a single fold of 90° included angle. Live 
load on the plate is 100 kg/sq in. 

Diven data : 

L^--30 m, II 5 in, d~ 5y/2 7.07 m 

qi~ 100 kg/sq m 
Solution : 

Let t-L/250—12.5 m 

then qd-- y/ 2 ‘ 2400 ^ — 423 kg/sq m 

Let the uniformly distributed load be converted into a statically 
equivalent sinsoidal load, then the maximum amplitude is given by 
(the first term coefficient of the series) 

4 

q — — x (uniformly distributed load; 

The effect of the hormonic loading is obtained if the uniformly 

4 

distributed load intensity is multiplied by 



Fig. 11.3.1 . Example li.3.2 
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The longitudinal edges of the plate are assumed to be free, so 

t 1 =t 2 =o 

1 

Let A ^ 2 — A 2 3— ^ I 

t XJi ■—1 23 — t because of symmetry 


M lf) M 2P 

2 Z 

4 3 d (M 1P f M 2P ) .. (11.3.1) 

There is no line load at the fold and the extreme edge of the fold is 
free, so all the transverse components of the load will be transmitted 
directly to the adjacent plate. The plates are perpendicular to each 
other so the transverse shear on one plate would act wholly on the 
other plate in its plane. Due to symmetry, only one plate of the 
structure is designed. Additional advantage in this example is that the 
deformations and transverse shears are uncoupled because of the 
symmetry and single fold. 

M 1P - M 2P and 
T a - 0 (from cq. 11.3.1) 

Load at transfer (self weight only) 

~~ ( ( i« "f Q.p) 

7.07 -i- x 7.07 J ^ = 5360 kg/m 

4 

Load at working condition^ (q t d-f Q t )— —6650 kg/m 

Let Pb 0 —load balanced at transfer condition. Transfer load should be 
chosen so as to keep allowable stresses at transfer and working conditions 
about the same. The allowable compressive stress at working condition 
is about 0.8 times to that transfer load condition. Then a good load 
balance may be obtained by 

0.8 (qhi — 5360) ----- (6650--.85 qt^ 

10950 . 

. . qbt— j 65 -=6660 kg/m 

Let the cable profile be parabolic and maximum eccentricity equal to 
3 m. Then the equivalent balancing load is given by 


r 423 

Lv~2 


Zi2—Z 2 3 — Z 


From eq. 11.2.13 
1 


T„ 


A A 

A 
8 z 


(M 1P Mop) 
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BcPt 

l* =qt»* 


p t= "°- =25100 ° k S 

. Pt 2iil000 00 „ 

A,= a7f7 = “To5or =23 - 8 ^ cm 


Check for stresses at transfer : 

Load not balanced = 5360 — 6660= — 1300 kg/m 

L 2 

bending moment Mt — 1300— = 104000 kg m 

if 2 


P t 250000 

average stress =— 7n7 


28.6 kg/sq cm 


bending stress 


M t 

Z 


6X10400000 
12.5x 707x707 


= 10 kg/sq cm 


f ct = 28.6 +10 = 38.6 kg/sq cm (permissible) 
f tt = — 28.4+10= — 18.6 kg/sq cm (permissible) 
Check for stresses at working load : 

P e = 0.85 Pt = 212000 kg 

Load not balanced, q be ==6660 —6660= — 10 

. 10 L 2 

bending moment — 2 ~ 


average stress = 12 5 x 707 = ^ *g/sc1 cm 

, Me 

bending stress = , 2 .5x707x70T "° 


The stresses are much below the permissible limits so the prestressing 
force may even be reduced. 

. f 23.8x 100 

Percentage of prestressing reinforcement = |2 5'X 707 27 


Design of slab : At transfer condition load that is not balanced 
= —1300 kg/m, P 2 =1300 kg/m (line load at fold) 
Mi P =M t = 104000 kg m 


q * == 380 ks/sq 111 

From eq. 11.2.16 

[v M —(0+1) Vjji + 0] _ v *a v 31 

= - a > - d 
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24L 2 M 1P 

td 3 


c . , Li iVljp 

Similarly 8„= ^ d J 
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The substitution of various quantities in the three moment equations 

gives 


2 in 


8 V k ) ~ k V 12 

-( 


a_d 2 \_ 

12 ) 


72 M 1P V 
w 2 Et d-'» 


)(- 


Et 3 
12 d 


6 ( 2 ) ( 

)- 


24 L ! M 


") 


Et d 3 

6 M 1P L 2 t* 

ir 2 d 4 


It may be of importance to note that the slab bending moment 
is a function of the length of the plate which is essentially caused 
due to relative displacements of the slab edges. 


6x104000x900x0.125x0.125 , 

nia * 3 x 7.07 x 7.07 x 7.07 x 7.07 491 kgm/m 


Use 1 cm wires, 12 nos. per metre width near joint as negative 
reinforcement. 





Fig. 11.3.3 : Bending moment on slab profile 
Design of mid section : 

491 


Bending moment at middle of the slab= 1869 — 


2 


—1623.5 kgm 

Use l cm wires, 22 nos. per metre width 

The negative bending moment increases gradually near the longi¬ 
tudinal end support. It is desirable to extend the positive reinforce¬ 
ment into the negative moment zone near the support. 

I cm a 12-5 cm 
l cm 9 10-0 cm 
1 cm © 10 0 


Fig. 11.3.4: Slab reinforcement 



The solution of this example can also be obtained with good 
accuracy by treating the folded plate as a beam with inverted 
V as the cross section. The following example will indicate an 
approximate design procedure of long folded plate based on the simple 
beam theory. 
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Example 11.3.2 1 A folded plate is to be designed to cover an area 
of 32 by 35 m. The service and superimposed loads are 100 and 50 
kg/sq m respectively. The length of the folded plate is to be taken 
as 32 m. 

Solution: 

An inverted v type of fold with 7 m fold width as shown 
in fig. 1 L3.5 is selected. Five folds of this type will cover 35 m width 
and also give a wider top flange. It is desirable to have a wider top 
flange to meet the working load compressive force at the top fibre. 
The span to fold width of the folded plate is 32/7 and span to height 
ratio is 32/2. Therefore the folded plate can be treated as a long 
folded plate and be designed as a beam. 

The thickness of the flanges and web are usually governed by 
practical limitations. So the sizes of the various elements are assumed 
subject to practical limitations and shown in fig. 11.3.6. Various 
sectional properties of the fold, such as area, moment of inertia, 
arc computed in table 11.3.1. 

T 

200 
i. 

p^ 00 ^°^ 2 _ 00 y.2| 

-- 700 - 

Fig. 11.3.5 : Typical (olded plate selected for the roof 




The loads arc taken for one fold width instead of the intensity 
of load. 

w — qx7 

self weight = w B =0.7 5104 x 2400= 1804 kg/m 
w g -f w s =l804-F50 x 7 = 2154 kg/m 
wt=w g 4* w e -|-wi=2154+ 100 x 7 = 2854 kg/m 

Let the load to be balanced be approximately the mean of the 
loads at transfer and working load 
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Table 11.3.1: Sectional properties of a fold of 7 m width 


Section 


area 

distance 

from 

bottom 

flange 

moment 
of the 
area 

moment 
of inertia 
about 

C.G.C 



cm 2 

cm 

cm 3 

cm 4 

1. Top 
flange 

1 

J 

1 

1 

200 x 10 
= 2000.0 

200 

400000 

2000 x 88 2 
= 154.88 X 10* 

2. Inclined 
web 

(282.4 x 8) x 2 
= 2x2259.2 
= 4518.4 

100 

451840 

(Tx 2259.2 






X 200® 

+ 2259.2 

x 12 B )x2 

= 157.15x10* 

3. Bottom 
flange 

1 

j 

(50 x 10)2 
= 1000 

0 

0 

1000 X 112 a 
= 125.44 x 10* 

Total 


7518.4 

— 

851840 

437.47 x10 s 


7518.4 — 

w be ~ ^ 2154 + 2B54 ^ —2504—2500 kg/m 

Some of the prestressing cables can be supposed to be straight in 
the bottom flange and the remaining have parabolic profile in the plane 
of the inclined web. The vertical component ol the balancing cable 
force in the web should be treated as the balancing load. T he relative 
sizes of the bottom flange and the web suggest that about two-thirds 
of the cables could be accommodated in the web portion and the re¬ 
maining in the bottom flange. 

Let the effective sag in the inclined plane of the web =1.00 m 
Equating the load balancing forces in the vertical direction, gives 


\/2 

P, 


Kt) 


2500x3x VTx 32x32 

’ 2x8 x 1.0 


676800 kg/fold width 


Pt 



676800 

0.85 


= 795000 kg/fold width 
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Check for stresses at transfer : 

Load not balanced at transfer condition 


2154 - 


fot - 


2500 

V 

Pt , M y h 

A I 


2154 - 


2500 
0.85 
795000 


~ 7518.4 
— 105.54-20.5 — 126 kg/sq cm 
P t , My t 
A 1 


4~- 


= -786 kg/fold 

786 x 32 x 32 x 100 x 112 
437.47 x 10 6 


- - 105.5+(20.5) 88/112 = — 88.8 kg/sq cm 


Check for stresses at working load : 

Load not balanced at working load is 
— 2854— 2500 — 354 kg/fold 

Po , My t 676800 354x32x32x 100x88 

ice A 1 7518.4 H 437.47 x 10*.. 

— 89.74-7.3 = 97 kg/sq cm 

f le B9.7 + 7.3 (112/88) = — 80.4 kg/sq cm (comp). 


Use M 400 concrete with 7 mm high tensile wires 
Area of steel in the bottom flange (Pt/0.7 f's) 


1 x 795000 
3x 10500 


Area of steel in the two inclined webs 


— 25.2 sq cm 


= y (Pt'0.7 f's) -•= 


2 x 795000 

3 x 10500 


50.4 sq cm 


The area of steel (50.4/2) =25.2 sq cm should be set up in 
parabolic profile in each of the inclined webs with 100 cm effective 
eccentricity. 

This example gives the design of the longitudinal prestressing force 
only. The folded plate is to be treated as a continuous beam supported 
at each of the folds along the width of 35m and be designed as a 
reinforced concrete slab. 


11.4. INTRODUCTION TO PRESTRESSED CONCRETE 
SHELLS : The aim of this book is only to present a basic concept of 
design of simple shell structures such as spherical and cylindrical shells. 
Prestressed concrete cylindrical water tanks have become very popular 
so an attempt is made on the design of cylindrical water tanks. Be¬ 
cause spherical domes are used for building and tank roofs, a typical 
design of a spherical shell is also presented. Cylindrical shell roofs are 
prestressed in the longitudinal direction as done in the folded plate 
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construction. The edge beams of cylindrical barrel which are gene¬ 
rally subjected to high tensile and torsional stresses arc prestressed to 
increase the working strength and stiffness. A detailed design of pre¬ 
stressed concrete cylindrical shell is discussed here. 

11.5 DESIGN OF CYLINDRICAL TANKS: Four types of cylin¬ 
drical tanks are in current use. Their classification is essentially based 
on structural behaviour caused by the boundary conditions at the base 
of the tank. Theoretically, the base of a tank could be fixed even 
though it is practically impossible to enforce a rigid restraint against 
rotation at the base. The footing or the bottom slab and the soil on 
which the footing rests are elastic materials, so only an elastic restraint 
is offered against rotation at the base of the cylindrical wall. Design 
of such tanks should be done on partially restrained base condition. 
An illustration of this example is shown in fig. 11.5.1. Hinged base 
(fig. 11.5.2), which is free to rotate about the joint, is reasonable to 
obtain in practice, and if designed as an idealised hinge, it is safe even 
if some partial restrains are enforced at the joint. The third type of 
base, the sliding base as shown in fig. 11.5.3, is very simple in its 
structural design but not so easy to attain in practice. There will 
always be some frictional restrain between the base and the wall which 
will introduce secondary bending moments. The fourth type of base, 
as shown in fig. 11.5.4, is an extension of sliding base with more flexi¬ 
bility for rotation and sliding. 



essentially acts as partially fixed base 

Design example 11.5.1: Design of a prestressed water tank wall for 
storage of 2 x 10 B litres of water. The tank may be assumed to be free 
at top and fixed or hinged at the base. 

Given data: f' e =450 kg/sq cm, f ct =r0.5 f' c » fce=*0, lf' c 
f' g = 15000 kg/sq cm, t] = 0.8, n—5.5 
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Solution : 

Let the height (h) to diameter (D) ratio of the tank be 0.25 
i.e. (h/D - 1/4) 

( “w D a h \ 

Volume = f - - - \ —-2x 10 fl m 3 by substituting D = 4h 

D 3 ^ 4x4 x 2000000 

TT 

or D =21.6 m 

R=10.8 m and h = 5.4 m 

Determination of prestressing force : The formulae developed in chap¬ 
ter VI based on load balance technique are used here. 

p=i‘ =0.021 

1st 

qR (1 — pn) 

(' --7^ jm -- 

'HP Lt Ire 

Hydrostatic thrust at base is 

q —yh = 0.001 X 540 = 0.54 kg/sq cm 
A 0.54x 1080 (1-0.116) _ . 

A °~ 0.8x0.021 x 10500-45“ 3 5q cm / cm 

Use a minimum wall thickness of 10 cm to take care of bending moments 
and reinforcement. 

Let all the hydrostatic thrust be balanced by prestressing force and fur¬ 
ther induce 0.1 f' c compression in the wall to avoid any possible crac¬ 
king or water leakage. 

Then 


C P P-~qR 
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From eq. 6.3.10 

P-E,A.(«„+ 

. q Rn 


(11.5.2) 


From cq. 11.5.1 

P—fee Ag-l-qR 

— 45x 104-0.54X 1080—450-|-583— 1033 kg 
From cq. 11.5.2 

1033 

A *~ 8400+320.8 ~~ 0118 sq Cm/Cm 


It may be observed that by increasing the area of concrete, the 
area of steel requirement is also increased, to keep a minimum of 45 
kg/sq cm of compression at working load condition. 

Pt — A s f Bt =1240 kg cm 

f P t 1240 ... _ . 

fcl= a 7 = " To~ = 24 k s/ s q cm 

Bending reinforcement: There is always a radial thrust inward 
and it is maximum at transfer condition. The fixed bending moment 
and shear force at the base of the wall are given by Timoshenko 
(11.13) as 

qr Rt ( , _ 1 

h£ 


M 0 =- 




-v/12 (1-u 2 ) 

q r Rt 


■C'-fl) 

<Vi) 


(11.5.3) 

(11.5.4) 


■v/12 (l-u a ) 

Where 

M 0 = fixed end bending moment 
Q,o = shear force at fixed base 

q r = radial thrust 

The hydrostatic thrust q should be replaced by radial thrust cau¬ 
sed due to prestressing force and such a balancing condition gives 


Pt 


1240 


q '=TC= i085-= li5k «/ sqcm 


Substitution of various quantities in eqs. 11.5.3 and 11.5.4 gives 
qMo = — 6985 kg cm/cm 
and Q,o = — 2.13 kg/cm 

The fixed end bending moment is 6985 kg cm/cm and is too high 
for 10 cm thick slab. Thus the tank should be designed with hinged 
base rather than fixed base. 
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Qo 


= 46 kg/cm 


Design of reinforcement at hinged base : Let do be shear force at 
hinged base, then it can be obtained from Theory of Plates and Shells 
by Timoshenko (11. 13) that 

q r /J 3 t a R 2 
6 l V(l 

The reinforcement should be designed so as to take all the shear 
forces. A typical reinforcement for hinged base is shown in fig. 
11.5.6. Assuming that the weight of the wall is transferred directly 
to base but not through the reinforcement, the force in the inclined 
wire due to shear force could be obtained from fig. 11.5.7. 

Let there be two inclined wires at the base and depending upon 
the direction of shear force, one wire will be in tension and the other 
in compression. Let F„ be the force (comp, or tension) in the the wire 
then, 

4 F„ cos 60 = do ~ 46 

/. F 0 — 1 1.5 kg 

11.5 

1400 “0*009 sq cm/cm width 


Area of steel - 


Provide a minimum shear key mild steel reinforcement of 1 cm wire 
at 20 cm. 
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Note. The prestressing wire should be wound round the tank in 
helical manner with a minimum clear spacing of 2.5 times the diameter. 
In case of tanks when the height of the tank is large, the number 
of wires may have to be arranged in layers so as to provide the mini¬ 
mum spacing. Minimum thickness of the pneumatic mortar in between 
any two successive wire layers should be at least 8 mm. The thick¬ 
ness of the pneumatic mortar or the wire diameter should not be counted 
in the thickness of the wall which is generally indicated by core of the 
wall. The splicing of the wires should be designed properly. A mini¬ 
mum of about 0.15 precent reinforcement has to be provided to take 
care of the thermal stresses. 



Fig. 1 1.5.7 : Reinforcement forces al hinge 


11.6. DOME-RING CONSTRUCTION : A typical spherical dome 
with edge ring beam is shown in fig. 11.6.1. Forces due to membrane 
analysis are superimposed on the forces due to bending and horizontal 
line loads on the dome and then the design is done for the resulting force 
system. 



The resultant forces and deformations due to membrane theory are 
given by (11.14) as 


Vj = _ 

l-fcos$ 

==aq ( 1 + 0030 ““ C ° 31 ^} 
a*q / 1-fu . \ 

Voa “ Eh U+c50~ COS * ) 


( 11 . 6 . 1 ) 

( 11 . 6 . 2 ) 

(14.6.3) 
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0od = (2 + u) sin B 


( 11 . 6 . 4 ) 


where 

a — radius of the sphere 

N. — meridinal stress resultant at 0 on the surface of the shell 

0m 


N 

i 

q 

t 


0m 


Vod 

0od 

u 


— hoop stress resultant at 0 on the surface of the shell 

= load intensity proportional to the self weight of the shell 
= thickness of the shell 

= horizontal displacement of the dome due to external load 

— rotation of the dome due to external load 
= Poisson’s ratio 


Subscript 0 indicates external load and d indicates the dome. 


The stress resultants and displacements due to constant line loads 
acting along the boundary of the shell are given in table 11.6.1. 

Table 11.6.1: Stress Resultants and Displacement Coefficients 

Due to Line Loads 



H 0 


N * 

— Y / 2 e - ^^cot0 sin^X 0—-^^sina 

—cot 0 sin X0 


— V- e ^ sin *-0 ~ ^ ^ sin a 

2 vT -\+ ■ ( , . *\ 

V e un ^ X* 4 J 


-X0 - , . 

ae sin X0 sin « 

V2 e' X ^sin ^ 


2aX . 2 

2X a . 

V 

v hd = -^- sm 2 a 

v md = £t sin « 


2X 3 . 

. 4X 3 

. 

0 

^ hd ~ Et sin tt 

9mi ~ Eat 


Where 

= bending moment on the meridian 

Vnd = edge horizontal displacement coefficient due to horizontal 
line load 

Vmd = edge horizontal displacement coefficient due to edge bending 
moment 

fhd = edge rotation coefficient due to horizontal line load 
®= edge rotation coefficient due to edge moment 
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x‘= 3(1-U*)^J 

0 = a —0 

Horizontal displacement outward and rotation in clockwise direction are 
taken as positive. The second subscript d indicates the dome. 

The force notations acting on the combined dome-ring system are shown 
in fig. 116.2 and the corresponding displacements due to these forces are 
given in table 11.6.1. 



Pig. 11.6.2 : Dome-ring force system 

The ring beam is subjected to membrane thrust of the shell and the 
line load due to bending forces. The membrane thrust which acts 
eccentrically on the ring cross section may be subdivided into centroidal 
thrust and bending moment as shown in fig. 11.6.3. Ihcse forces cause 
deformations of the ring, their relation is given in eq. 11.6.5. Compati¬ 
ble conditions at the junction of the ring beam and the shell give 
sufficient conditions to evaluate the edge corrections, and thus the 
resultant forces acting on the shell could be developed. 



Fig. 11.6.3a : Effective membrane equivalent forces on the ring beam 
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lig. 11.6.3b : Bending correction forces at the junction 
of the ring and shell 


Deformation coefficients on the ring are 



0mb — | 

' v 

, EI b ) 

Vmb ~-“( EI b ) 

$bb — — ^ 

' r 2 )'o \ 

. EIb ) J 


(11.6.5) 


where 

v ^ horizontal displacement coefficient 

y 0 distance of the junction of ring beam and dome from the 
centroid of the ring beam 

e 0 — perpendicular distance of the membrane force from centroid 
At --- area of ring beam 

lb — moment of inertia of ring beam about vertical plane 

The subscript h or m indicates line forces horizontal or moments and b 
indicates the beam. 


The deformation compatibility relation between the ring beam and the 
dome are given by eq. 11.6.6. This set of equations when solved with 
the appropriate coefficients will result in the moment Mi and thrust Hi 
for which the beam to be designed. 

(vod + Vobj-Hvua-bvut,) Hi-f (v m a + v mb ) Mi = CH 

y .. (n.6.6) 

(0od“h0ol)) T (GhdT0bb) HlT (0md“b 0mb) Mi — Oj 
An illustrative example is given with complete details. 

Example 11.6.1 : An area of 30 m diameter is to be covered by a dome. 
Design a prestressed concrete spherical dome with ring beam for a live 
load intensity of 200 kg/sq rn of the dome surface acting vertically 
downwards. 


Given data : 

Poisson’s ratio = 0.15, dome angle = 30° 
average thickness, t = 10 cm, f' c = 450 kg/sq cm 
qi (live load) = 200 kg/sq m 
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Solution : 

r = radius of the ring beam = 15 m 
a = radius of sphere — 15/sin 30 = 30 m 
q g = 240 kg/sq m, qt = q g + qi = 440 kg/sq m 

XT aq 30q ii 

0m 1+cosa 1+0.867 ^ m 

V " d= +( - COS “ ) < sin *) (^)=- 113 °.4 (q/E) 

ffod=- Y (2+u) (sin a) (q/E) = -322.5 (i) 


I' 


40 


\ 


71 ^ 




12 5 cm * y 0 


+ - 4 0 • - *H 

Fig. 1 1.6.4 : Ring beam 

Let the ring beam be square in cross-section of size 40 cm. 
Ab = 0.4x0. 4 = 0.16 sq m 
I b - (1/12X0.4) (0.4) 3 = 0.00213 m 4 


v ob — 


30x225 / 0.867 0.125 x 0.0734 \ q 


Bob —‘ 


1.867 V 0.16 
225x0.0734 


- + 


0.00213 J E 


1-3- — — 35178 (q/E) 


0.00213 


X 16 


(|)-124000-| 


v o =(vod+v 0b )= - (1 130.4 + 35178) -3 


-36308.4-3- 

Hj 


6>„= (*od+«ob) = (-322.5+ 124000) -3 = 123677.5 -g 

= 3 (1-0.0225) (—j~) 2 =263925 

X»=513.73 or X=22.7 

2aX . . 

Vjid= "ET &ina 

„ 2x30x22.7x 10 

Evhd=- A - 


3405 
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EVmrt — 

E^md ~~ 


2X a 

t 

4X 3 

at 


sin a — 


: 15549 


2x513.73x10 


= 5137.5 


Evhb = r a (^-i-+4^ = 225 (6.25 + 7.34) =3057.8 


Ev mb = 


r 2 Vo 
Ih 


_ 225 x. 0 J25. = _ 13 204 

0.00213 


225 


E6mh ~ I b “ 0.00213 - 105634 


Ev b —E (vhd+ v hb) =6463 
Ev m = E (v md + v mb ) = — 8067 
E#m~E (<?md+ 0mtj) = 121183 
Compatibility cq. 11.6.6 yields 

6463 Hi —8067 Mi-36308 q = 0 
-8067 H L -}-121183 Mi+123678 q = 0 
Hj- 1.248 Mi —5.61 7 q 

— Hi+15.02 Mt— —15.33 q 
13 772 Mr— — 9.713 q 

M,= " 0. 7 7 l 72 q = -°- 703 k 8 m/m 
Hi— (5.617 — 1.248x0.705) q = 4.74q 


Design of prestressing and reinforced steel : 

The horizontal thrust on the ring beam is 


— Hi—4.74 q —2085rr2100 kg/m (for q =qt) 

Hoop force in the ring beam = 2100 X 15 — 31500 kg 


The prestressing wire can be provided in two different ways. 

(i) Prestressing may be done both in ring beam as well as in dome so 
that the horizontal thrust in the ring beam is resisted by ring prestressing 
and the dome hoop stress by the dome prestressing. However, prestressing 
of dome is not as convenient as prestressing of the ring beam, (ii) Hence 
prestressing may be designed so that a part of the hoop stress of the 
dome, along with the hoop stress in the ring beam, may be resisted by 
the prestressing force. Let the hoop stress in the first one metre width 
from the ring beam be covered by the prestressing force in the ring beam. 
Average hoop force in the first one metre width from table (11.6.3). 


42620 + 10279 

9 


= 26450 kg 





The First National Bank of Chicago 

Sixty-story highrise office and hank building with exicrior columns splayed outward 
at the bottom. Outward thrust of columns resisted by 40 Ryerson BBRV tendons, 
delivering a total effective force of 6,500 tons. On each of two outer column lines 
there are two tendons. On each of six intermediate column lines there are six 
4(i-wire tendons. Tendons go completely across the building, a distance of about 
200 ft. at the plaza level, one storey below the street level. 

{Courtesy of Joseph 7. Ryerson and Son. Inc., USA) 



Redwood City, California, . . . Wire winding operation on two 4 000.000 gallon 
prestressed concrete reservoirs I65A ft. inside diameter x 20 ft. high. 

{Courtesy of The Preload Company , Inc., New York) 









Table 11.6.2: Coefficients of Resultant For 




Table 11.6.3 : Stress resultants without prestressing force 
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Tabic is prepared using the membrane equations and the table of coefficients from table (11,6.2). 
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Total hoop force to be resisted by the ring beam prestrcssing 
= 31500+26450 = 57950 kg 

Let allowable working stress in steel be 0.6f' 8 = 9000 kg/sq cm 

. A f „ . 57950 

, . Area of steel = -gggg- —6.66 sq cm 

Use 18 Nos. of 7 mm wires, then prestressing force P G ~ 18x3450 
= 62000 kg taking 3450 kg as the effective prestressing capacity of 7 mm 
wire. It is now necessary to calculate the stress resultants due to thrust 
caused by the actual prestressing force and also due to the moment 
caused by the eccentricity of the prestressing force. It is desirable to 
provide the cables so that there is a counter acting eccentricity. Let 
the prestressing be done in one layer of cables with an eccentricity of 6 
cm as shown in fig. 11.6,5. 



(a) Prestressing force on the ring beam 



Fig. 11.6.5 : Compatible forces due to preatressing only 

The horizontal thrust H and the moment M have to be calculated 
by considering prestressing force as an external force. The corresponding 
deformation coefficients are computed in order. 


H. <Ev») —r* (^+ ?„')«. 

--»(“* + ^irasnf') H »— 2239 

(The negative sign is used because of the negative action of horizontal 


H„= —2239 H 0 


thrust Hu 


H P (E<W=( r + e )h p =«88 H p 

The influence coefficients are taken from the previous section : 

Evhb = 6463, E0hb — —8067, E^mb 1=3 121183 
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The compatibility equation yields 

6463 Hi-8067 Mi = -2293 H p 
-8067 Hi-f 121183 Mi = -0.888 H p 
or Hi-1.248 Mi = -0.355 H p 
— Hi-j- 15.22 Mi= 0 .110 Hp 
13.972 Mi^-0.245 H p 


Mi 


-0.245 H p 
13.972 


-0.018 Hn 


H! = (-0.355-1.243x0.018) H p 


Where H p = 

r 


62000 

15 


=4133 


kg/m 


-0.377 H p 


Mi = 74 kg m/m 

H! = -0.377x4133 = -1553 kg/m 


The stress resultants are now computed in table 11.6.4 using table 11.6.2. 
Design of ring beam : The forces acting on the ring beam at working 
load condition are shown in fig. 11.6.5. The ring beam is subjected to 
axial thrust and twisting moment for which the beam is designed. 


Radial thrust = 



Axial thrust 


Axial stress 



negligible 


Design of dome reinforcement : 

The dome has to be designed to resist the axial thrust, hoop tension 
and the bending moment. The critical section is essentially at the 
junction of the shell and ring beam, so the thickness of the shell near 
the edge is increased to give higher flexural stiffness. As the disturbance 
damps from the edge beam, the thickness of the shell is gradually 
decreased from 13 cm at the edge beam to 9 cm at 5 m from edge. 

Max. axial force = N 7006 kg 

Axial stress 4 kg/sq cm 

No meridinal reinforcement is required except for shrinkage and 
temperature effects. Provide 0.18% reinforcement for shrinkage 
A b = 0.0018 X 100 X 13 = 2.34 sq cm/m 
Use 10 numbers of 6 mm mild steel wire per metre width. 




Table 11.6.4 : Stress resultants at working loads 
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Table 11.6.5: Stress resultants at transfer condition 
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hcternal load at transfer is 240 kg/sqm, so the dome stresses are prorated to 
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t 

Fig. 11.6.8: Comparison of prestressed and 
non-prestressed 



Fig. 11.6.9 : Comparison of prestressed and non-prestrrssed 

Hoop reinforcement : — 

Hoop force for the first 1 m width near the edge 
= 13000+6406 = 197Q3 kg/m 

A r . 19703 , . 

Area of steel = - = 14 sa cm 

1400 


Use 18 numbers of 10 mm mild steel wires in two rows per metre 
width. 


Bending reinforcement : 

Maximum bending moment — 354.7 kg m/m 
Let the effective depth = 11 cm 


A fl ~ 


35470 0 _ 

~0 9 x 1 1 ~ x T 4 00~~ 2 ' 56 St » Cm/m 


Use 4 numbers of 10 mm mild steel wires per metre width upto 2 m 
into the shell, and then curtail two of the four wires. 
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Fig. 11.6.10 : Reinforcement details (all dimensions in mm) 

11.7. INTRODUCTION TO PRESTRESSED CONCRETE CYLIN¬ 
DRICAL SHELL: A cylindrical shell may be defined as a singly 
curved shell formed by a straight line generator moving on a curve. 
The cylindrical shell discussed in this section is a thin circular one used 
for roof construction. A shell may be considered as a thin shell if the 
ratio of the radius to the thickness of the shell is greater than 20. Most 
shells built for roof construction have this ratio greater than 20 and 
therefore thin shell analysis is applicable. Thin cylindrical shells are 
generally classified into two groups : (i) long, and (ii) short shells. 
There are different methods to classify long and short shells sometimes 
including even intermediate shells. Ratio of radius to the length of the 
shell is generally accepted as a basis for classification of shells used in 
roof construction. ASCE Manual on design of cylindrical concrete shell 
roofs suggests that the shells having R/L rado less than 0.6 may be 
classified as long shells, otherwise short barrels (11.15). There is no 
exactness to this ratio, so ASCE Manual classification may be considered 
good for practical purposes. 

Several types of approximations based on various parameters were 
made in the analysis of cylindrical shells. Each theory or solution has 
its limitations and advantages. Any attempt to discuss the cylindrical 
shell analysis is beyond the scope of the book since the main aim of this 
book is to present the design of cylindrical shell in a simplified 
manner so that readers, who have not studied any analysis of shell 
structures, can follow and do the design computations. 

ASCE Manual 31 presents certain coefficients of forces and deform¬ 
ations of the shell for different types of load conditions. These coeffici¬ 
ents are used for the design of the shell. Rational use of these coefficients 
needs certain understanding in the basic analysis and notations. 

11.8. METHOD OF ANALYSIS OF CYLINDRICAL SHELL: 

The cylindrical shell roof is first assumed to be a complete cylinder 
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resisting the external loads in plane forces (no bending and transverse 
stresses). These in plane forces are called membrane forces. A set of 
correction forces which compensate the unbalanced boundary forces 
are then introduced and a separate solution for such line loads is 
obtained by bending analysis. The superposition of these two solutions 
gives the final solution for design. Basic notations used in the 
cylindrical shells are shown in fig. 11.8.1, and the superposition of two 
linear solutions to obtain stress resultants is shown in fig. 11.8.2. 
Membrane stress resultants and deformations for various load conditions 
are given in tables 4 to G (Appendix A). Similarly, stress resultants 
due to line loads arc given in tables 7 to 9 (Appendix A). The shell 
which has no edge beams is called free edge shell. Prestressing is 
adopted for a long shell in which edge beams are provided. The edge 
beam essentially acts as a tie which will resist most of the longitudinal 
tension developed in the shell. Analysis of such prestressed concrete 
shells is done by superposition of the two solutions. 



N* and *=stre«s resultants in x and 0 directions, 

N*^ shear force 

Fig. 11,0.1 : Shell dimensions and notations 

(i) The cylindrical shell and the prestressed concrete edge beams 
are analysed as two independent structural systems. 

(ii) Four possible forces—-(a) vertical force (Vi), (b) horizontal 
force (Hi), (c) transverse moment on the curved axis of the shell or 
torque on the beam (Mi), and (d) the force along the longitudinal axis 
(Si), i.e., shear force on the shell and longitudinal force on the beam— 
are likely to act at the intersection of the shell and the edge beam. 
This set of forces are introduced in the two independent shell and beam 
systems. The shell and the beams are analysed independently for this 
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Cyhndrf wiff* tdQ* compensating Tore* 


Fig. 11-8.2 : Superposition of two shells to get 
free edge conditions of a shell 

set of line loads. The free body diagrams of the two independent 
systems are shown in figs. 11.8.2 and 11.8.3. The line forces at the 
intersection of the shell and beam are obtained through the lour 
deformation compatibility conditions, Each of the algebraic sums of 
the (i) vertical, (ii) horizontal, (iii) rotational, and (iv) extensional 
longitudinal strain deformations must be equal to zero. Poisson s ratio 
for concrete is small so the fourth condition of compatibility of longitud¬ 
inal strain may be assumed same as longitudinal stress equivalence. 

Let w, v and 0 be the displacements taken positive in the direc¬ 
tions of forces V l} Hi and Mi respectively. The first subscript *0’ 
indicates deformations of the individual shell and beam systems 
subjected to external loads. The first subscripts v, h, m and s (for 
some deformation quantities) indicate deformations due to vertical, 
horizontal, moment and shear line forces respectively. The second 
subscript s or b indicates shell or beam system. 
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Shall and tdga beam under I In* loods 

Fig. 11.8.3 (a) : Cylindrical shell v/ith edge beam compatible forces 



Fig. 11.8.3 (b) : Line loads and deformations with d-ve sign conventions 
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The compatibility equations using the notations as described above 


may now be written as : 

(Wo + Wv + WH'f W m +W B ) fi -f (w 0 -(-Wv + Wii4-W m TW ( ) b —0 (11.8,1) 

(V0+Vv+Vh+V m +V B ) B +(V 0 +Vv+Vh+V m +V B ) b=0 .. (11.8.2) 

(«o + ^v+^ + ^m-h^)8+(0o + ^v + ^ + ^m + ^) b = 0 .. (11.8.3) 

(f u 4"fvd“fii‘4“fm“l~ls)8+ (l*o + lv + fti4"fm+fs) • * (11.8.4) 


The deformations of the shell for various load conditions can be obtained 
directly from ASCE Manual 31, So only the deformations of prestressed 
concrete beam system are derived in this section. 

The deformation compatibility at the intersection of beam and 
shell should be satisfied for all values of x. To meet this restraint, the 
external loads are expressed in Fourier expansion, with the result that 
the deformations will also be of the same form. 

Let q(x) —intensity of load 

Then q may be expressed in Fourier expansion a9 

q(x)=Sqn sin ™ .. (11.8.5) 

The corresponding edge forces and deformations are of the same form. 


N* 

. T nrx 

= i N 0 n sin L 


N * 0 

nWX 

— SN x 0 ii COS L 


N x 

• nvx 
= 2 ;Nxn sin "L~ 


V! 

_ _ . nw'x 

= iVin sm - 


H, 

_ _ . n»rx 

— ^Hi ji sin 

. ( 11 . 8 . 6 ) 

Si 

nirx 

— ^Sm COS ^ 


Mi 

nnx 

-SM]„ sin L 


w 

. n*»x 
= £w n sin —j— 



nirx 

= $v n sin —j— 

nirx 

= X6n sm . 


r. 

If q(x)~q (constant), then expansion of Fourier series gives 

A 1 n»v 


. . 4 1. 

q (x)=--qS—««>■ 


(11.8.7) 


It is desirable to work with as many terms of the scries as possible. 
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However, it was observed that approximation of the loads with first 
term of the series gave fairly good results, so the design is presented 
using this approximation. Hence 


f , 4 . *x 

qW== — q sm-j- 


( 11 . 8 . 8 ) 


Similarly other quantities are expressed through first term of the series. 

Force and deformations computed due to a uniform load intensity 
should always be multiplied by (4 jw sin irx/L) if first term approximation 
is made for the uniform load. The line loads at the intersection of the 
shell and edge beam arc always taken in the form as given in 
cq. (11.8.6) in which case the value (4/ir) does not appear. 



II 



Fig. 11.8.4 ; External loads acting on the edge beam 
Deformation of edge beam : 

Let q gb —self weight intensity of beam acting downward 

qpb —prestressing force balancing component which is given by 

_ 8P e g 
L a 

P< N g and I> are already defined in Chapter III for load balancing design. 
The effective balancing force acting upward is given by 

qp(x).. (11.8.9) 

qti is assumed to be uniform and then approximated by the first term of 
the series as 
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qb (x) = —qt, sin—j— 


(11.8.10) 


External forces acting on the edge beam are shown in fig. 11.8.4 and 
the corresponding deformations can easily be obtained using 


q(x) = -^q sin-^-?- 


_ 4 / q L 2 

M x - —- 

4 / q b L J 

• Vob - Eirv ^ 


P G e 0 I sin 


Pe eo L 4 


.. ( 11 . 8 . 11 ) 


(11.8.12) 


0ob — Vob — 0 

where Ih = moment of intertia of the beam about horizontal axis 

The deformations due to various line loads are derived independ¬ 
ently due to various forces. 

(t) Deformations due to V (V r 1 Sin j*- ): Considering fig. 11.8.5a 

X 

Torque on the beam at x -- J V l eu Sin —dx 

o 

L ir x 

= -V| eu cos—r— 

TT \j 


. 1 fV Vl e> 

due to torque = J l -" 


'i e * L ir x 

- cos —-— 

TT L 


L Vi eh / L w x \ 

~ ir GJ v x ~” if Sm L ) 

The twist at the middle section of the beam is given by substituting 
x=L/2 in the above expression. 


„ ,- j^W j L\ __ ,„_ 9) L 2 °h Vi 
® vb_ n GJ \ 2 it J ^ ' 2-k 2 GJ 

vhere G J = torsional rigidity of the beam 


(11.8.13) 


Wvb ——Trl-C 0vb Ch = 

■W H<lh 


„ (tt— 2) L a 

v V b — 0 vb e v— 2 ^2 qj 6v etl ** 




r M e v 

fvb= —TT 


L 2 e v Vi 
-ir 2 I b 


(n.8.15) 


(11.8.16) 


(it) Deformations due to horizontal load H t sin 
Considering fig. 11.8.5b, 
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Torque on edge beam — j* ^ Hi e v sin dx 

= i H| e,(l-co,^) 

Rotation of ihe beam at middle section (0hh) is 

I -Is 

0hi>“ — jlj J ^ Hi e v ( l — cos )dx 


Chh - 
Wiit)— flub Ch 


(IT - 2) 


L 2 e v Hi 


V h D 


2*«GJ 

(V 2 ). L2 

' 2 w 2 GJ 

—0hb e v 


e v e h Hi 


it 4 El, 


L lf 

IT 2 l IT 2 Ely 




M e h 


(ir-2) 

2GJ 

L 2 eh 


*v H! 


Hi 


I v It 2 I v 

(tii) Deformations due to Twist M\ ^ Mi sin -~- 
Considering Fig. 11.8.5c, 

I orque un the edge beam j 


IT X 


Mi sin dx 


L/2 


v ( 1 "™ Tr) Mi 

) 


1 — cos ) dx 


(*-2) L* 
2 * 3 GJ 


Mi 


. 1 *it~- 2 )L 2 

Wjnb — 0mh ejj = 0 „ Mi 

A ^ v»J 


Vfub— ^nib e v 

fmb-0 


(w~2) L 2 e v Mi 
2 GJ 


(11.8.17) 

(11.8.18) 

(11.8.19) 


(11.8.20) 

( 11 . 8 . 21 ) 


(11.8.21) 
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(*p) Deformation due to shear forces S\ ^Si sin-^-^ : 

Considering fig. 1 l. 8 . 5 d, axial force at distance x is 
x 

■w-i f c ^ x LSi ** x 

F x = I Si cos—=—dx =- sin —=— 

J L n L 

o 

M X h-- F x e v =-^-e v Si sin -_-~ 

'W L 

M xv = F x en =—eh Si sin - - 

'W L 


0Bb — 0 

w Bb =-^e v S, ( „ J L f - lh )= - 


L 3 e v S, 
•» 3 EI„ 


Hi 



V| *h - Ihrensit y of torque 


V^e v - Intensity of tofque 


(b) Horizontal line load 



(c) Moment 




% 


e v 

T 



Si cm w*/L 



W) Shear force 

Pig. 11.8.5 : Various line loads acting on the 
edge beam at the intersection 
of the shell and beam 


( 11 . 0 . 22 ) 
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Vgb 


f.b 


L 3 e*Si 

IT 3 Ely 


Ex , Mxb e v , M xv Cb 

A + ~lb" + Iv 



(11.8.23) 


(11 .P.24) 


All the deformations due to live loads are shown in matrix form in 
cq. 1 1,8.25. This matrix is a stiffness matrix and so symmetric. Symmetry 
in the stiffness coefficients can he obtained from Maxwells reciprocal 
theorem 


H.9. DESIGN EXAMPLE : Design of a prestressed concrete cylind¬ 
rical shell to cover an area of about 40 by 16 m. 

Basic dimensions : Let span of the shell, (L) be 40 m ; then the chord 
of the shell will be 16 m. Some basic dimensions such as rise, thickness 
of the shell and edge beam dimensions have to be assumed based on 
architectural and practical considerations. 

Let rise of the shell, (h) = 3.0 in ; then the radius (R) of the shell will 
be given by (2R-h)h = 8 8 

R—12.17 m, sin 0k — (8/12.1 7 ) -0.658 or 0 k = 41° 

Value of 0k is chosen as 45° so that the coefficients of ASCE Manual 31 
can be used directly. 


R = 8 cosec 0k~-1 L31 m 
Let the thickness of shell — 10 cm 
width of the beam —15 cm 
depth of the beam =200 ern 

(R/L) =0.283, or (L/R) = 3.54, and (L/R; 2 — 12.5 
Afembrane analysis : 

Weight of the shell = 0.10 X 2400 = 240 kg/sq in 


Surface load on the shell be 
distributed like the self weight 

Total load on the shell, (q) 
qR = 360x 11.31 =4070 kg/m 


| = 120 kg/sq m 
= 360 kg/sq m 


The unbalanced stress resultants at the edge of the shell are computed 
using table 4 (Appendix A). 


N 0 k = 4 qRcol (9) = —5200X0.707 = —3670 .. (11.9.1) 

N, 0 k = 4 qR (L/R) col ( 8 ) = 5200x3.54 (-0.4502) 

= — 8300 kg/m .. (11.9.2) 


N x „=4 qR (L/R) a col (7) = 5200x 12.53X (-0.1433) 

= — 9300 kg/m 


(1L9.3) 
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Similarly the deformation 
to membrane forces is 
4 qR 

ir 


(woBm) at the middle of the free edge due 


Ewogm — 


t l 4 \ r 

- r 2 R y 

U 8 * / 1 

. V L J 


+£+ 


m] 


col ( 10 ) 


=5200x 17700 (0.0324 + 0.0205+0.0032) 

= 5.16 x 10 6 .. (11.9.4) 


M x and at x=L/2 and N x ^ at x- 0 due to membrane forces are 
calculated using the coefficients of the ASCE Manual 31 and are shown 
in table 11.9.1. These membrane stress resultants will be used for 
final stress resultants. 


Table 11.9.1 : Membrane stress resultants 



N x at (x 

: = L/ 2 ) 

N, at (x 
0 

— r/2) 

Nx^ at (x= 0 ) 

i 

Coe IT. 1 

Force 

(65000) 

Coerr. 

Force 

(5200) 

Coeff. 

Force 

(18400) 

45 

.2026 

13200 

1.0 

-5200 

-0.0555 

-102 

30 

- .1957 

12650 

0.9659 

- 5010 

-0.1648 

-3020 

20 

-.1837 

- 11910 

-0.9063 

-4710 

-0.2690 

-4950 

10 

-.1660 

- 10800 

-0.8191 

-4250 

-0.3652 

-6720 

0 

- .1443 

9300 

- 0.7071 

-3670 

-0.4502 

-8300 


Correction to membrane edge forces : 

Slender edge beam will have negligible stiffness against horizontal 
and torsional forces. The problem with slander edge beams then 
reduces to two free edge boundary conditions : 

(i) free horizontal displacement, and 

(ii) free torsional rotation. 

Only the remaining two compatibility conditions have to be satisfied in 
the present shell as the edge beam is very slender. 

Correction forces applied to force a free edge condition on the shell 
are ~ N^k and — N* 0 k and these forces are resolved in the vertical and 
horizontal directions. 

Vi=-N 0 k sin 0* = 3670x0.707 = 2G00 
Hi= —N^k cos 0 k— 2600 
Si--N*0 k =83OO 
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The particular shell parameters are (R/t) = 113,1 and (R/L) <^0.283 
whereas the closest corresponding values in the Manual are 100 and 0.3 
respectively. Errors from taking R/t=100 and R/L~0.3 for the pur¬ 
pose of coefficients are negligibly small, so the coefficients used in this 
analysis are for 
R/t = 100 and R/L^0.3 

Using the table 8 (Appendix A) 

Ewosi = -^r (46.06 Vi+ 1.073 Si-30.12 Hi) . . (11.9.5) 

= 815000 V L +18990 Si-533000 Hi = 891 X 10« 

Nxi =(L/R) 2 (11.24 V!—5.257 Hi + 0.8743 S|) = 290000 . . (11.9.6) 

The effective forces and deformations of the free edge shell at the 
middle of the free edge are 

Ewos =E (w 08m + w 0B i) = (5.16 + 890) 10« = 895xl0 6 
N ox — N xl — N xm =290000 - 9300 =280700 kg/rn 

f 08 =(280700/.10) =2807000 kg/sq cm 

Corrections to the shell deformation due to edge load : 

Let Vj and Si be the forces developed at the intersection of the 
beam and shell due to the edge beam. 

Then 

(N xv +N xa ) a = 12.50 (11.24 Vi-fO.8743 Si) 

f va +f« - 125 (11.24 Vi-f 0.8743 Si) .. (11.9.7) 

E(w va +w aa )= 17700 (46.06 Vi+ 1.073 Si) .. (11.9.8) 

Deformations of the edge beam due to external loads : 

I = 11!= (1/12) X 0.15 X2 3 =0.1 m 4 

Self weight of beam = 0.15 X 2 X 2400 = 720 = 720 kg/m 

Membrane correction force in the vertical direction is 2600 kg/m 
acting vertically downward. To obtain internal forces, a vertical 
balancing force of about 2600 kg/m should be applied through the pre¬ 
stressed concrete beam. 

Let the effective balancing load = 2500 
Actual balancing prestressing force 
qt>=2500+720 = 3220 kg/m 

Let the sag of the cable, (g) = 120 cm with eccentricity at the middle as 
80 cm. 

The prestressing force corresponding to the balancing force is given 
by 

(8gP e /L a ) = 3220 

Pe= 322 3^° 2 X - --= 536700 kg 
4 f L* q b _ Pe eo L» \ 

= •» it, \ ■** J 


Ewob 
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= — (262400 q b - 347.8 X 10®) = 392 x 10« 

"W 

r 4e v ( U p \ , Pe 

foh=r - f ii qh_Pe e °) + a" 

= - * (1620 q b -2150000)+ 1790000 

— —634000 (Compressive) 

Ew vb = 263000 Vj 

Ew,» = - = - 21000 Si 

* A b 

f vb = 1620 V, 

r “-^(r+-r) s ' = 170s ' 


Compatibility conditions : 

The vertical deflection compatibility yields 

Was + W VH 4 W ti8 4- Wob + Wvb -b W 8 b = 0 

895xl0« 1-17700 (46.01 V,+ 1.073 Sj) 4-428 x 10 6 
+263000 Vi-21000 S^O 

or 1.077 Vi - 0.002 Si=- 1248 .. (11.9.9) 

The longitudinal strain compatibility yields 

fim + fvs + fsa 4“fob4“f»b“0 

2767000 + 124.9 (11.24 Vt+0.8743 80-650000-1620 Si+170 Si=0 
or —0.212Vi + 0.280 Si= — 2174 .. (11.2.10) 

Solution of eqs. (11.9.9) and (11.9.10) gives: 

Vi-1200 kg/m 

Si —6880 kg/m 
Final stress resultants : 

There are two sets of correction line loads to be applied to the 
membrane solulions : 

(i) Correction line load forces to develop free edge in the membrane 

solution 

(ii) Correction line load forces due to compatibility of the edge beam 
The final correction forces are 

Vi=2600— 1200—1400 kg/m 

Hi = 2600 kg/m 

Si-8300-8680 =-380 kg/m 

Stress resultants in the shell due to these correction forces are given 
in table 11.9.2 using table 7 (Appendix A). Table 11.9.3 give final 
resultant forces in the shell which are obtained from tables 11.9.1 and 
11.9.2. 
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Tablr 11.92: Stress resultants due to correction forces 


; | 

1 N x at (x=Lf2) : N X( a at (x=0) 

- i v 

at (x=L/2) 

! 

at (x=L/2 

0 i Coeff. Force 

i \ 

\ 

Coeff. i Force 

_! _.J 

Coeff. 

Force 

Coeff. 

Force 


Due to vertical edge loads ( 1400 ) 


45 

1.400 

1970 

0 

0 

-1.178 

-1660 

-0.257 

-362 

30 

-1.044 

-1460 

0.432 

610 

-1.454 

-2050 

- 0.230 

-325 

20 

-3.110 

-4380 

-0.788 

-1110 

-1.326 

-1880 

-0.174 

-245 

10 

-0.946 

-1330 

-2.214 

-3120 

-0.330 

- 460 

-0.090 

-126 

0 

11.240 

15900 

0 

0 

0.707 

995 

0 

0 


Due to horizontal edge load (2600) 


45 

-1.970 

- 5110 

0 

0 

0.306 

793 

0.159 

414 

30 

-0.047 

- 122 

-1.061 

-2760 

0.839 

2180 

0.155 

403 

20 

1.941 

5050 

0.505 

-1316 

1.279 

3330 

0.134 

349 

10 

1.513 

9330 

0.633 

1650 

1.158 

3010 

0.082 

213 

0 

-5.257 

-13700 

0 

0 

0.707 

1840 

0 

0 


Due to shear edge load ( — 380) 


45 

-0.119 

44 

0 

0 

0.072 

-28 

-0.006 

2 

30 

-0.077 

29 

-0.085 

33 

-0.033 

12 

-0.004 

1 

20 

0.038 

- 14 

-0.101 

38 

0.024 

- 9 

-0.002 

0 

10 

0.321 

-122 

-0.013 

5 

0.024 

- 9 

0 

0 


0 0.870 — 32 7 0.300 —114 0 0 


0 0 
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Table 11.9.3: Final stress resultants 




N* at (x= 

= L/2) kg/m 



e 

Due to 

Final 


Membrane 

V, 

H, 

Si 


45 

-13200 

1970 

-5110 

44 

-16296 

30 

-12650 

-1460 

-122 

29 

-14209 

20 

-11910 

-4380 

5050 

-14 

-11154 

10 

-10800 

— 1330 

3930 

-122 

-8322 

0 

-9300 

15900 

-13700 

-327 

-7427 



N 

o 

II 

rfl 

-e- 

X 



45 

-102 

0 

0 

0 

-102 

30 

-3020 

610 

-2760 

33 

-5137 

20 

-4950 

-1110 

-1316 

38 

-7338 

10 

-6720 

-3120 

1650 

5 

-8185 

0 

-8300 

0 

0 

-114 

-8414 



N 

0 at (x = L/2) 



45 

-5200 

-1660 

793 

-28 

-6095 

30 

-5010 

-2050 

2180 

12 

-4868 

20 

-4710 

-1880 

3330 

-9 

-3269 

10 

-4250 

-460 

3010 

-9 

-1707 

0 

-3670 

995 

1840 

0 

-865 

M 0 at (x=L/2) 

45 

0 

-362 

414 

2 

54 

30 

0 

-325 

403 

i 

79 

20 

0 

-245 

349 

0 

104 

10 

0 

-126 

213 

0 

87 

0 

0 

0 

0 

0 

0 
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>6296 



Fig. 11.9.1 : Variation of N x at x=-L/2 Fig. 11.9.2 : Variation of N* at x=«0 


-6095 



Fig. 11.9.3 : Variation of at x=L/2 Fig. 11.9.4 : Variation of at x«L/2 

Reinforcement details : 

(a) Longitudinal reinforcement: 

The shell is subjected to longitudinal compression over all the 


region. 

maximum compression = — 1629G kg/m 

16296 IC , , 

compressive stress = T OO X~ 10 ~~ ~ *6.296 kg/sq cm 


No reinforcement is required except the nominal reinforcement of 0.18 
percent spaced at not more than 5 times the thickness of the shell. 
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Area of nominal steel=0.0018 x 10 x 100 
= 1.8 sq cm/m 

Use 10 mm mild steel bars at 40 cm apart. 

(b) Shear reinforcement: 

Maximum shear force =8414 kg/m 
Principal tension =8414 kg/m 

8414 

Area of steel required = j^qq = 5.97 sq cm/m 

Use 10 mm mild steel bars at 12 cm apart at 45° to the axis of the shell 
near the edge beam. (1400 kg/sq cm is used as allowable stress in the 

steel). 

Shear force decreases gradually towards the crown upto 0=30° and 
then reduces considerably. So provide 10 mm bars at 12 cm for the 
first 5 m length along the curve then use 10 mm bars at 16 cm apart 
upto the crown. This spacing should be adopted upto L /8 from 
support. 

The shear force decreases toward the centre of the shell as a cosine 
function. Tension reinforcement along the length due to diagonal 
tension has to be designed based on principal tension. N 0 and N x are 

both compressive stresses which are zero at the support and maximum 
at the middle of the span. Complete reinforcement details are shown 
in fig. 11 .9.5, 


(c) Reinforcement due to hoop force : 

is compressive force throughout the shell, so reinforcement is 
not required. 

(d) Transverse bending reinforcement due to : 

The maximum bending moment occurs at the middle of the span 
for 0 = 20 °. 

M 0 max — 104.0 kgm/m 
’.’Area of steel required = 4 sq cm/m 

Use 10 mm mild steel bars at 20 cm apart at the bottom of the slab 
for the middle quarter span of the shell. Increase the spacing to 
25 cm for the next L /8 span and then to 30 cm spacing for the L /8 
span near the support. 

(e) Beam reinforcement: 

Prestressing force = P e = 536700 kg 


Pt 


536700 

0.85 


= 631300 kg 


._631300 

• • A|S “ 0.7X15000 


- = 60 sq cm 
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Use 14 nos. of 12 no. 7 ram cables. Provide also nominal shear 
and torsional reinforcement. Use 10 mm shear stirrups at 25 cm apart 
with 4 nos. of 12 mm corner bars. The reinforcement details in the 
beam are shown in fig. 11.9.6. 




Fig. 11.9.6 : Edge beam reinforcement 


Problems: 

11.1 An area of 20 by 30 m is to be provided by a folded plate roof 
The length of the folded plate be taken as 30 m and the folds as 
inverted V type of 5 m fold width. The rise of the fold should 
not exceed 2 m. Design the folded plate using f' c =:4Q0 kg/sq 
cm, and f' g = 15000 kg/sq cm for a service load of 100 kg/sq m. 

11.2 A circular tank is to be designed for storage of 650000 litres of 
water. Design the complete details of the water tank listed below 
using f' c =450 kg/sq cm, and f'*= 15000 kg/sq cm. 

(a) Vertical walls of the tank as prestressed with base hinged or 
fixed. 
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(b) Top ring beam as prestressed concrete beam. 

(c) Top dome as ordinary reinforced concrete in the radial direc¬ 
tion. Hoop prestressing steel if desirable. 

11.3 Design a 30 m long and 10 m wide circular cylindrical shell for a 
service load of 120 kg/sq m. Provide an edge beam of depth not 
exceeding 100 cm. The shell is to be supported by end diaph- 
rams resting on columns. 



CHAPTER XII 


BOND IN PRESTRESSED CONCRETE 


12.1. INTRODUCTION : Bond between steel and concrete in pre¬ 
stressed concrete construction exists on two different basis. In pre-ten- 
sioning system, bond is used as a means of transferring the prestressing 
force of steel to the concrete section while in post-tensioning system, 
bond is found to be necessary for two different purposes : 

(i) protection against corrosion ; and 

(ii) increase in ultimate strength. 

Importance of bond in pre-tensioned construction was recognised 
from the very beginning, whereas the need for bond in post-tensioned 
construction has come into light with the progress in the methods of 
constructions. 

12.2. BOND IN PRE-TENSIONED CONSTRUCTION: Bond in 
pre-tensioned construction is furnished by two iactors. When a pres¬ 
tressing cable is tensioned, it is accompanied by a reduction in area of 
cross section of steel. As the tendon is released, a part or the lateral 
strain is recovered, especially at the ends of the cable. Due to this 
increased cross sectional area, frictional bond is developed between 
steel and concrete. A second factor contributing to the bond is the 
adhesive property between the two materials as the concrete hardens. 
The bond of wires at the edges is of great importance since there is no 
special provision to transfer the prestressing force. 

When a wire is released from the prestressing bed, it tends to regain 
its original length. The force at the very end of the cable has to be 
zero since it is free; therefore the original area of the cross section is 
restored at the face. Due to the increase in the cross section of the ten¬ 
don, there will be a high restraining force between the tendon and 
concrete. This phenomenon of recovery of lateral contraction develops 
a wedge action at the end of the cable through which the prestressing 
force is transferred. This type of self anchoring property was discussed 
by Hoyer and is called “Hoyer effect”. The Hoyer effect is illustrated 
in fig. 12.2.1. The bond length needed to transmit the complete pre- 
stressing force is called “transmission length” (It). The bond stress 
along the transmission length is maximum immediately after the free 
surface and slowly evens out to uniform at the end of transmission 
length. The bond and other stress distributions along the transmission 
length are shown in fig. 12.2.2, 
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Fig- 



12.2.1 : Illustration of Hoyer effect in pre-tensioned construction 


fc . m mnnz 


TZUZZnzzzznz zziz 


fronsmltvon length ff 0 


(aj variation of diameter of steel 



(l)) llond stress distribution 



(r) Approximate variation in prestressing force (fs) 



(d) Variation of stress in concrete 



(r) Radial forces 



(f) Stress trajectories 

Fig. 12.2.2 : Stress variations along the transmission length 
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II is seen from fig. 12.2.2 that compressive as well as tensile stres¬ 
ses exist in the transmission zone, so transverse reinforcement has to be 
provided to take the tensile force. 

Bond length is generally equal to transfer or transmission length 
and is derived by Hoyer as 

It = 2 /4 t 1 + mc) (^ - £ )(2f sl -Q •• t 12 - 2 - 1 ) 


where 

D = diameter of the wire 
—coefficient of friction 
m c = Poisson^s ratio for concrete 
m s = Poisson’s ratio for steel 
n =modular ratio 


Let 


m c =0.1, m s =0.3 

E c =3 X 10 5 kg/sqcm, E 9 = 2 X 10 6 kg/sqcm 
f WP —0.6 f' 6 , f fi t-0.7 f' s 

Then l t = Y 0?9 E~,. j \ 8 J 

1st n , 20 f H t 

,, - is small as compared to , so neglecting 

0.9 Ep 


, 55 D 

l t = x - 

6 ^ 


9D 

P 


. ( 12 . 2 . 2 ) 


Eq. 12.2.2. gives an approximate idea of the bond length. For 
Z 1 —0.1 or in that order, an approximate transfer length could be sugges¬ 
ted as 


It (approx.) =90 D to 100 D 

The initial transfer length will be disturbed due to creep and 
some times due to slip which forces the required transfer length to a 
value greater than given by eq. 12.2.1. The approximate experimental 
value of slip of the wire is shown in Fig 12.2.3. Any extra loading or 
disturbance in the transfer zone will cause more slip because of the 
stress concentrations existing at the end. 
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In addition to the transfer bond length, flexural bond length based 
on ultimate stress should also be checked in all designs. If l b is the 
bond length, it is given by 

(fgu—f&e) — (* Dll)) 

lt> — (feu fee) Ag/irDt-b . • (12-2.3) 

l u —U or tt (maximum) .. (12.2.4) 

where 

'tb = bond stress 

l u —total bond length at the end of the cable at ultimate load 

Transfer length in general is an important factor in determining 
where the end support has to be placed. The centre of the supports 
should be beyond the transfer length. Following conclusions obtained 
on experimental data regarding transfer length should be observed 
while designing pre-tensioned beams (12.1 to 12.3) : 

(i) if the transfer length is defined as l t =aD, then a is found to 
be a function of D which increases with D. In general a 
varies from 50 to 200 and for small wires it could be taken 
as 100 ; 

(ii) deformed bars require less transfer length but these bars 
of small diameter may not be economical as the percentage of 
elfective steel area will be small ; 

(iii) every care should be taken to get good compaction at the 
ends ; 

(iv) it is desirable to use high strength concrete at end zones ; 

(v) transfer of prestress should be done gradually instead of cutt¬ 
ing the wires suddenly ; 

(vi) heavy concentration of wires should be avoided ; 

(vii) sufficient transverse reinforcement should be provided to take 
care of the radial stresses ; 

(viii) transfer length should be beyond the support point; and 

(ix) repeated loading increases the transfer length so additional 
allowance in transfer length should be given for creep as well 
as for repeated loads. 

Example 12.2.1 : Check the bond length of example 3.10.1 consider - 
the beam as pre-tensioned concrete beam. 

Given data : 

Span-50 m, A ~ 10,000 sq cin, A s = 268 nos. of 7 mm wire, 
coefficient of friction —0.1, f' c = 450 kg/sq cm, 
fV-15000 kg/sq cm, 

E r —3.82X 10 5 kg/sq cm, E*=2.1 X 10® kg/sq cm, 

Poisson’s ratio of concrete~m c — 0.1, Poisson’s ratio of steel=0.3, 
allowable bond strcss=10 kg/sq cm 
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Solution : 

On substitution of the respective quantities as given in the data, 
die eq. 12.2.1 gives 
It—53 cm 

Bond length at ultimate load is given by eq. 12.2.3 and works out 
to be lt> = 272.7 cm 

Since the beam is simply supported of 50 m span, the stress in steel 
at the end of the beam is not equal to the ultimate stress of the steel. 
Hence the ultimate bond length be taken as 53 cm. There should be 
at least 55 cm of beam projection beyond the centre of the support. 

12.3. BOND IN POST-TENSIONED CONSTRUCTION : Effect 
of bond in post-tensioned construction has two distinct purposes : 

(i) protection against stress corrosion, and (ii) increase in ultimate 
strength. In an unbonded construction, if any moisture enters into the 
duct either through a crack or through some leak, the entrapped moisture 
will cause corrosion to the high tensile steel wires. As the diameter of 
the wires is small, any small amount of rusting of the wires reduces the 
effective area considerably. Corrosion once started will increase rapidly 
and develop cracks. Grouting of the ducts after anchoring of the pres¬ 
tressed wires reduces the corrosion considerably. The alkaline property 
of cement grout tends to prevent the development of any corrosion. 
The grouting has to be done as early as possible so that rusting of wires 
does not start at any time. 

Effect of bond on ultimate strength is an interesting phenomenon. 
As soon as a crack is developed at maximum moment location, steel 
strain is increased considerably. In an unbonded construction, this 
increased steel strain is more or less evenly distributed along the length 
of the cable thus causing excessive deformation of the structure. Due 
to this large deformation, cracks open much wider reducing the com¬ 
pressive zone. Once the compressive area of concrete is reduced, ulti¬ 
mate strength is also reduced ; whereas in bonded construction, the 
initial crack at the critical section does not affect the steel strain at any 
other point and more cracks of small width area formed in maximum 
bending moment zone. Because of the large number of cracks, the 
deformation is evenly distributed thus keeping the propagation of the 
cracks as low as possible; and at any section, the compressive area is 
not reduced considerably. Thus ultimate strength of the bonded struc¬ 
tures is greater than that of the unbonded one. General analytical 
calculation gives only one ultimate strength for either bonded or un¬ 
bonded construction since it does not take into consideration the spac¬ 
ing of the cracks. Ultimate strength of unbonded construction in gene¬ 
ral is less than the computed value. It all depends upon the spacing 
and number of cracks; fewer cracks, the less is the ultimate strength. 
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Ultimate strength of members without bond is about 10 to 20% less 
than those with bond. A typical crack formation in bonded and 
unbonded construction is shown in fig. 12.3.1. 



(a) Small number of large cracks in construction without bond 



(b) Large number of small cracks in bonded construction 
l ; ig. 12.3.1 : Crack formation in bonded and unbonded construction 

Once a duct is grouted to establish a bond between steel and con¬ 
crete, the differential force in the cable has to be controlled by bond. 
There are two layers of bonding media in post-tensioned construction : 

(i) bond between the steel and the sheath or duct, and 

(ii) bond between the sheath and the concrete. 

Absolute bond is difficult to attain through grouting even though the 
method of grouting sounds fairly simple. Therefore allowable bond 
stress in such a bonded construction should be low. A certain amount 
of testing is desirable to test the effectiveness of the grouting material 
on any particular major job before assuming any allowable stresses. 
Bond stress is obtained in a similar way as is done in reinforced concrete 
construction (Fig. 12.3.2). 


q 

J—*_ i _ t _ i 



v L-1 

h- d * —H 


Fig. 12.3.2: Element forces 

(P !a -P ia )=V dx 


(P s -Pi) 


V dx 
a 


where 

a = lever arm 

Assuming a uniform bond stress 
(P.-P^X^o) dx 
where 

(So) =stotal parameter of the steel 



X 


(12.3.1) 
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Allowable bond stress in prestressed concrete will be less than that of 
the reinforced concrete construction as the bonding of tendons is less. 
Similarly, bond between the sheathing and the concrete is also diffe¬ 
rent. 

An allowable bond stress of about 10 kg/sq cm is generally permitted 
in static loading conditions. In bridges, where a repetition ofload 
comes more often, the permissible bond stres is about 5 kg/sq cm. 

Problems : 

12.1 Determine the bond length of a pre-tensioned concrete beam of 
100 by 60 cm in cross section, provided by 4 prestressing cables of 
40000 kg each. Each cable consists of 12 numbers of 7 mm 
wires. 

12.2 A cantilever beam of span 6 m is under 1000 kg/m uniformly 
distributed load. Design a pre-tensioned concrete beam with 
450 kg/sq cm concrete. Also design the bond length based on 
prestress and ultimate strength bond criteria. 



CHAPTER XIII 


ANCHORAGE OF PRESTRESSING CABLES 


13.1. POST-TENSIONED CONSTRUCTION: Transfer of pres¬ 
tressing force from the cable to the concrete section in post-tensioned 
construction is done at some selected areas such as end of the beam. 
As a consequence of the transfer of force, stress concentrations are deve¬ 
loped at the transfer zone resulting in secondary stress which dominates 
the design criteria of the zone. Anchor plates are used as a medium of 
transfer of the prestressing force. The size of the plate and type of 
anchoring arrangements govern the stresses in concrete at the transfer 
zone. The prestressing force applied through the anchor plate propa¬ 
gates into the beam along the axis and after some distance, a linear 
stress distribution is developed. The zone in which the stress variation 
reaches a linear distribution over the cross section is called “transmis¬ 
sion zone”; the length of this zone is called “transmission length”. A 
typical representation of transmission of force is shown in fig. 13.1.1. 
Since the application of any concentrated load over a cross section 
generates a transmission zone before a linear distribution of the stress 
is achieved over the cross-section, the determination of stress distribu¬ 
tion within the transmission zone is difficult even though it could be 
analysed by elastic and photoelastic theory. The stress distribution 
within the transmission zone is analysed with reasonable accuracy based 
upon elastic plate theory ; the results are checked with photoelastic 
experiments. The material along the axis of the concentrated force is 
subjected to transverse tensile force which is called “bursting force” and 
the surface at end section just adjacent to the anchor plate is subjected 
to tensile force which is called ‘‘spalling force”. Only the design as¬ 
pects of the transmission zone with a qualitative study of the stresses are 
discussed in this chapter. A general discussion on the type of stress 
distribution lor various cross sections and application of loads is not 



Fig. 13.1.1 : Transmission zone 
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possible, so some practical cases are presented. For further discussion 
the reader is referred to Prestress Concrete by Guyon (13,1), 

13.2. PRESTRESSING GABLE AT THE CENTROIDAL AXIS : 

The existence of transverse tensile force could easily be illustrated 
through fig. 13.2.1. Let the section AA be the end section at which 
the prestressing force is applied through an anchor plate and let BB be 
the end of transmission zone at which the stress distribution is linear 
over the entire section. Considering a free body diagram of an element 
of the transmission zone cut by a horizontal plane f cc\ it could be seen 
that there should be some tensile as well as shear stress in the horizontal 
plane to keep the body in equilibrium. Typical stress trajectories for 
concentrated force are shown in fig. 13.2.2. 



Fig. 13.2.1 : Transmission zone-stress distribution 



The transmission length and the stress distribution depends upon 
the depth of the anchor plate relative to that of the beam. The trans¬ 
mission length and the transverse tensile force (bursting force) arc found 
to be inversely proportional to the ratio of depth of the anchor plate to 
depth of the beam. A typical representation of bursting force is 
approximated by a straight line (13.2) and expressed as 

F,=0.3P(1- J) ■■ 03.2.1) 

It is also important to find the position of zero and the maximum 
transverse tension to locate the reinforcement properly. Fig. 13.2.3 
gives the location of zero and maximum tensile stresses along the axis 
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of the tendon. Even though the transmission length varies with depth 
of the anchor plate, the maximum transmission length is found to be 
approximately equal to the depth of the beam. 



Fig. 13.2.3: Approximate variation of bursting force 

Example : 13.2.1 : Determination of bursting force, and the reinforce¬ 
ment requirement in a simply supported beam of rectangular cross 
section 80 X 30 cm subjected to an axial prestressing force of 240 T. 

Solution : 

Let the size of the anchor plate be 40 X 24 cm. It is 
assumed that there are several cables but all of them are going through 
the same duct with a common anchor plate having an over hang of 3 
cm on all sides (fig. 13.2.4). 

The intensity of reaction on the plates is 

240000 ncrt f , 

= 40x24 =25 ° kg/sq cm 




40cm~* 
24 aOOOfcg-w ^ 

_Lr 


0Ocm 


Fig. 13.2.4 : Forces on anchor plate 


Design of anchor plate : 

Max. B. M. on plate=250 x 3 x 3/2=1125 kg cm/cm 
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Let the allowable stress in the anchor plate— 1400 kg/sq cm, 
then modulus of section required = 1125/1400=0.804 sq cm 
Thickness of plate, ‘t* = V 6x0.804=2.20 cm 
Use 2.5 cm thick anchor plate. 

Design of reinforcement in the vertical plane ; 

Bursting force= 0.3 x 240000 (1-40/80) =36000 kg 
Bursting force per unit length ‘F b ’= 36000/24=1500 kg/cm 
The zero tension occurs at 0.21 D and maximum tension occurs 
at 0.42 D, for a/D=0.5. The approximate bursting force distribution 
is shown in fig. 13.2.5. 



Fig. 13,2.5 : Bursting force distribution 

For simplicity of the solution, the tensile stress is assumed to be 
of parabolic distribution over the tension zone. The maximum 
tension ordinate is then obtained by equating the area under the curve 
to the bursting force. If f y (max), is the maximum tensile stress ordinate, 
then 

y fy ( max, (80- 16.8) = 1500 

fy (max) = 35.4 kg/sq cm 

Reinforcement has to be provided for tension zone where the 
tension exceeds the allowable concrete tensile stress. Approximate zone 
in which the tension exceeds the allowable limits is indicated in 
fig. 13.2.6. 
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Let 18 kg/sq cm be the allowable tensile stress. Then total 
tensile force for which the reinforcement is to be provided 

=-| x 51 x (35.4-18) x 24= 14200 kg 

Area of reinforcements 14200/1400s 10.1 sq cm 

Use 7 nos. of 1.5 cm rods over the middle 51 cm tensile zone and 
provide a nominal 1 cm rods at 6 cm spacing over the rest of the trans¬ 
mission zone. 

Design of reinforcement in the horizontal plane : 

Bursting forces0.3 X 240000 (-24/30) = 14400 kg 

Then bursting force per unit length, ‘Ftfs 14400/72s200 kg/cm 

The zero and maximum tensile stresses occur at 0.24 D and 0.48 D. 
The maximum tensile stress ordinate may be obtained as 

(yVy (max) (1-0.24) 80 = 200 

fy (max) =5 kg/sq ern 


1 cm d*o suppor ling und nlso 
spalling reinforcement 






2 nos of lem d 

□ 

- -n 

- 







J 


/ ' 





- 


< A 




. y 

1 



-3 

! 




J— 


/ 1 no of lem did 



A nos of lcm ; 7nos of 15cm 
dia dia 


r* 22 A -5 1 -H 6'l 

Fig. 13.2.7 : Reinforcement in the bursting zone 

The tensile stress on the vertical plane is very small, so no hori¬ 
zontal reinforcement is required other than the nominal steel. The 
reinforcement provided in the vertical plane may be taken as C U’ 
stirrups in which case it also serves as nominal horizontal reinforce¬ 
ment. 


13.3. SYMMETRIC MULTIPLE CABLES CAUSING AXIAL 
THRUST : When separate anchor plates distributed over the depth 
of the beam arc used for different cables, the transmission zone and 
distribution of stress are altered considerably. The even distribution of 
the anchor plates reduces the transmission length and also the bursting 
forces. A typical behaviour of the multiple cable force is shown in 
fig. 13.3.1. 
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A 


(c) Four coblfi wTfh four plafcs 

Fig. 13.3.1 : Approximate isobars for transverse 
tensile stress 

The bursting force could be calculated by dividing the total depth 
into a number of equivalent prism depths. A simple example illustrat¬ 
ing the procedure is given below : 

Example 13.3.1 : A prestressed beam of 80 by 30 cm cross section is sub¬ 
jected to two symmetric cables each with 120000 kg transfer prestressing 
force. An anchor plate of 30 by 20 cm is provided for each cable. 
Determine the reinforcement in the transmission zone. 



Fig. 13.3.2 : Transmission zone of example 13.3.1 

Solution: 

WX120000L ( , _ *> ) „ 450 kg/OT 
(dividing over the width of the anchor plate) 

The zero and maximum bursting stress ordinates are at 0.24 D 
and 0.48 D and are marked in fig. 13.3.3. 
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Fig. 13.3.3 : Bursting stress distribution 
fy (max) -(3/2) (450/30.4) - 22.2 kg/sq cm 

Assuming parabolic distribution, the length over which the re¬ 
inforcement is to be provided is 

= 30 -4 X \/472/2272 = 13.3 cm 

Total tensile force for which reinforcement is to be provided 
— (2/3) (13,3 x 4.2) x 20 — 760 kg 

Area of steel-- j 7 ^ —0.54 sq cm 


The area of steel required is relatively small so provide nominal 
stirrups of 1 cm diameter bars at 10 cm spacing. It is not necessary 
to check for the other transverse reinforcement because of the antici¬ 
pated low stresses. 



Fig. 13.3.4: Transmission zone reinforcement 

13.4. GABLE WITH ECCENTRICITY : Eccentrically acting pre¬ 
stressing force would cause reorientation in the principal stress trajec¬ 
tories and also in the magnitude of bursting force. A typical 
representation of isobars and lines of compression are shown in 
fig. 13.4.1 from which it may be observed that the bursting force is 
shifted towards the eccentricity. Guyon has suggested an “equivalent 
prism” method in which a prism is selected where the axis of the load 
is the axis of the bursting line and the depth of the prism is twice the 
smallest distance from the load axis to the edge of the concrete. 
The stress analysis is to be made based on the equivalent prism. This 
method is found to be satisfactory even though it has some disadvan- 
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tages in limiting cases. The design of transmission zone is best shown 
through an illustrative example. 



Fig. 13.4.1 : Equivalent prism and isobars for eccentrically 
acting force 


Example 13.4.1 : A beam of cross section 80 by 30 cm is subjected to 
an eccentric prestressing force of 160000 kg with 10 cm eccentricity. 
Assuming an anchor plate of size 40 by 20 cm, determine the bursting 
stress and the necessary reinforcement. 




h— 3° -H 


T 


i 

80 


Fig. 13.4.2: Section of example 13.4.1 


Solution: 


Vertical plane reinforcement: 

Depth of equivalent prism = D 1 ~ 60 cm 


a 

D 




Procedure as adopted in the previous section is followed from here 
onwards taking only the width of the anchor plate as effective 
width. 

F to = 0.3 X 160000 x (1-40/60)/20 = 800 kg/cm 
Zero tensile stress occurs at 0.22 D 1 =13.2 cm 
fy (max) = (3 X 800)/(2 X 46.8) =25.6 kg/sq cm 

Assuming 18 kg/sq cm as allowable tension, the length over which 
reinforcement is required 

= V~(Y75j25^6 J>T(66— 1372) = 25.3 cm 

Total tensile force for which reinforcement is to be provided is 

= -| X (25.3 X 7.5) x 20 = 2530 kg 
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Area of steels 2530/1400—1.8 sq cm 
Use 1 cm dia bars at 10 cm spacing. 

13.5. INCLINED PRESTRESSING CABLE: Most of the practical 
problems are associated with inclined cable at the end section. The 
effect of the inclination of the cable is to reorient the stress trajectories 
and the isobars so that the symmetric axis of the stress trajectories is 
along the inclined cable axis. The inclination of the cable is generally 
small, so the reorientation of the axis is not very appreciable. Typical 
stress trajectories for an inclined cable are shown in fig. 13.5.1. If the 
inclination is small, as is the case in many practical problems, the 
bursting force is not much altered ; however the spalling forces are 
increased appreciably. The effect of the vertical component of the 
cable force will generate secondary splitting stresses which may be 
neglected for small inclinations of the cables. Design of transmission 
zone for small inclined cables may be done as adopted for horizontal 
forces. When the inclination of the cable is large, which might be the 
case when the cables are terminated in flanges at middle zone of the 
beam, additional spiral and hoop stirrups should be provided. 



Fig. 13.5.1 : Typical stress trajectories for an 
inclined cable 


13.6. SPALLING STRESSES : Spalling stresses are developed on the 
edge surfaces of the beam adjacent to the anchor plate. High bearing 
stresses cause higher lateral tensile strains which are probably the main 
reasons for spalling of the concrete. The spalling stresses are directly 
proportional to the bearing stresses imposed and inversely proportional 
to the interval of the bearing forces. In most cases, the spalling stresses 
are in the region of 0.3 to 0.4 of P/A and, if the intensity of bearing 
stress is very high, then the spalling stress could be very high. 
A typical variation of spalling stresses are shown in fig. 13.6.1. 
Since the spalling stress is only a localised character at the surfaces 
adjacent to the anchor plates, the total amount of reinforcement 
involved is not considerable. A high percentage of small diameter loop 
stirrup reinforcement should be provided against spalling. 
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Fig. 13.6.1 : Typical spalling stresses 


Problems: 

13.1 A post-tensioned concrete beam having end section 100 by 
160 cm is provided with 4 cables of 40000 kg each. The cables 
are spaced in a vertical line so that the centroid of the cables 
coincide with the centre of gravity of the section. Design anchor 
plates, vertical and horizontal bursting reinforcement and spalling 
reinforcement. 

13.2 A post-tensioned concrete beam having end section of 60 by 
100 cm is provided with two cables of 30000 kg each. The two 
cables are spaced at 20 cm on either side of the centroid of the 
beam with 4 r inclination. Design the anchor plates, the bursting 
and spalling reinforcements. 



APPENDIX A—TABLES 


Table I —Values of a 0 (for full stress condition 
as per I. S. I.) 


Post-tensioned 


f'c 

kg/cm* 

c'tt 

C ct 

C ce 

C te 

A 0 

0.80 350 

.0286 

.5000 

.4000 

.0286 

1.0135 

400 

.0250 

.4806 

.3889 

.0250 

1.0014 

450 

.0222 

.4611 

.3778 

.0222 

0.9888 

500 

.0200 

.4417 

.3667 

.0200 

0.9756 

530 

.0189 

.4300 

.3600 

.0189 

0.9674 

0.85 350 

.0286 

.5000 

.4000 

.0286 

1.0690 

400 

.0250 

.4806 

.3889 

.0250 

1.0569 

450 

.0222 

.4611 

.3778 

.0222 

1.0441 

500 

.0200 

.4417 

.3667 

.0200 

1.0306 

530 

.0189 

.4300 

.3600 

.0189 

1.0222 

Prc-tensioned 

0.80 420 

.0238 

.5000 

.4000 

.0238 

1.0114 

500 

.0200 

.4741 

.3852 

.0200 

0.9952 

550 

.0182 

.4579 

.3759 

.0182 

0.9847 

600 

.0167 

.4417 

.3667 

.0167 

0.9737 

630 

.0157 

.4300 

.3600 

.0157 

0.9655 

0.85 420 

.0238 

.5000 

.4000 

.0238 

1.0680 

500 

.0200 

.4741 

.3852 

.0200 

1.0517 

550 

.0182 

.4579 

.3759 

.0182 

1.0409 

600 

.0167 

.4417 

.3667 

.0167 

1.0295 

636 

.0157 

.4300 

.3600 

.0157 

1.0210 




Sectional Properties 
Table 2—Sectional Properties 


Ct 

Cb 

c a 

Ci 

Cyfe 

Cyt 

p 

A 


Cf = 

.40 


c w — 

.12 



.08 

.08 

.212 

.027 

.603 

.396 

.128 

1.523 

.08 

,10 

.218 

.028 

.590 

.409 

.132 

1.442 

.08 

.12 

.224 

.030 

.578 

.421 

. 134 

1.372 

.10 

.08 

.230 

.028 

.627 

.372 

.125 

1.682 

.10 

.10 

.236 

.030 

.614 

.385 

,129 

1.593 

.10 

.12 

.241 

.031 

.602 

.397 

.131 

1.517 

.12 

.08 

.248 

.030 

.645 

.354 

.121 

1.823 

.12 

.10 

.253 

.031 

.633 

.366 

.125 

1.728 

.12 

.12 

.259 

.033 

.622 

.377 

.128 

1.647 


Cf — 

.40 


C\ V — 

.16 



.08 

.08 

.246 

.029 

.589 

.410 

.120 

1.436 

.08 

.10 

.251 

.030 

.580 

.419 

.122 

1.381 

.08 

.12 

.256 

.031 

.571 

.428 

.124 

1.332 

.10 

.08 

.263 

.031 

.610 

.389 

.118 

1.564 

.10 

.10 

.268 

.032 

.600 

.399 

.121 

1.504 

.10 

.12 

.272 

.033 

.592 

.407 

.123 

1.451 

.12 

.08 

.280 

.032 

.626 

.373 

.116 

1.679 

.12 

.10 

.284 

.033 

.617 

.382 

.119 

1.616 

.12 

.12 

.289 

.035 

.609 

.390 

.121 

1.560 


Cf = 

.40 



.20 



.08 

.08 

.280 

.031 

.578 

.421 

.113 

1.374 

.08 

.10 

.284 

.032 

.571 

.428 

.115 

1.336 

.08 

.12 

.288 

.033 

.565 

.434 

.116 

L301 

.10 

.08 

.296 

.033 

.596 

.403 

.113 

1.479 

.10 

.10 

.300 

.034 

.590 

.410 

.115 

1.439 

.10 

.12 

.304 

.035 

.583 

.416 

.116 

1.402 

.12 

.08 

.312 

.034 

.611 

.388 

.111 

1.575 

.12 

.10 

.316 

.035 

.605 

.394 

.113 

1.532 

.12 

.12 

.320 

.036 

.599 

.401 

.115 

1.493 
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Cf = 

.50 


c w — 

.12 



.08 

.08 

.220 

.029 

.583 

.416 

.135 

1.399 

.08 

.10 

.228 

.031 

.566 

.433 

.138 

1.309 

.08 

.12 

.236 

.033 

.552 

.447 

.140 

1.233 

.10 

.08 

.238 

.031 

.607 

.392 

.132 

1.547 

.10 

.10 

.246 

.033 

.591 

.408 

.136 

1.447 

.10 

.12 

.253 

.035 

.577 

.422 

.139 

1.364 

.12 

.08 

.256 

.032 

.626 

.373 

.128 

1.680 

.12 

.10 

.263 

.035 

.611 

.388 

.132 

1.573 

.12 

.12 

.271 

.036 

.597 

.402 

.136 

1.483 


Cf = 

.50 


c w = 

.16 



.08 

.08 

.254 

.032 

.572 

.427 

.125 

1.338 

.08 

.10 

.261 

.033 

.559 

.440 

.128 

1.271 

.08 

.12 

.268 

.034 

.548 

.451 

.130 

1.214 

.10 

.08 

.271 

.033 

.593 

.406 

.124 

1.458 

.10 

.10 

.278 

.035 

.580 

.419 

.127 

1.386 

.10 

.12 

.284 

.036 

.569 

.430 

.129 

1.323 

.12 

.08 

.288 

.035 

.610 

.389 

.122 

1.567 

.12 

.10 

.294 

.037 

.598 

.401 

.125 

1.490 

,12 

.12 

.301 

.038 

.587 

.412 

.128 

1.424 


C ( — 

.50 


c w — 

.20 



.08 

.08 

.288 

.034 

.563 

.436 

.118 

1.292 

.08 

.10 

.294 

.035 

.554 

.445 

.120 

1.243 

.08 

.12 

.300 

.036 

■545 

.454 

.122 

1.199 

.10 

.08 

.304 

.035 

.582 

.417 

.118 

1.392 

.10 

.10 

■310 

.037 

.572 

.427 

.120 

1.339 

.10 

.12 

.316 

.038 

.563 

.436 

.122 

1.292 

.12 

.08 

.320 

.037 

.597 

.402 

.116 

1.484 

.12 

.10 

.326 

.038 

.588 

.411 

.119 

1.428 

.12 

.12 

.332 

.040 

.579 

.420 

.121 

1.378 


Cf — 

.60 


Cw — 

.12 



.08 

.08 

.228 

.032 

.564 

.435 

.140 

1.295 

.08 

.10 

.238 

.034 

.545 

.454 

.143 

1.198 

.08 

.12 

.248 

.035 

.528 

.471 

.144 

1.120 

.10 

.08 

.246 

.034 

.589 

.410 

.138 

1.433 

.10 

.10 

.256 

.036 

.570 

.429 

.142 

1.327 

.10 

.12 

.265 

.038 

.553 

.446 

.144 

1.240 

.12 

.08 

.264 

.035 

.609 

.390 

.134 

1.558 

.12 

.10 

.273 

.038 

.590 

.409 

.139 

1.444 

.12 

.12 

,283 

.040 

.574 

.425 

.142 

1.350 







Sectional Properties 


241 



Cf = 

.60 


c w — 

,16 



.08 

.08 

.262 

.034 

.556 

.443 

.130 

1.252 

.08 

.10 

.271 

.036 

.540 

.459 

.133 

1.178 

.08 

.12 

.280 

.037 

.527 

.472 

.134 

1.116 

.10 

.08 

.279 

.036 

.577 

.422 

.129 

1.366 

.10 

.10 

.288 

.038 

.562 

.437 

.132 

1.285 

.10 

.12 

.296 

.039 

.549 

.450 

.134 

1.217 

.12 

.08 

.296 

.037 

.595 

.404 

.127 

1.469 

.12 

.10 

.304 

.039 

.580 

.419 

.131 

1.384 

.12 

.12 

.313 

.041 

.567 

.432 

.133 

1.311 


c r = 

.60 


c w = 

.20 



.08 

.08 

.296 

.036 

,549 

.450 

.122 

1.220 

.08 

.10 

.304 

.037 

.537 

.462 

.124 

1.162 

.08 

.12 

.312 

.039 

.526 

.473 

.126 

1.112 

.10 

.08 

.312 

.038 

.568 

.431 

.122 

1.315 

.10 

.10 

.320 

.040 

.556 

.443 

.125 

1.253 

.10 

.12 

.328 

.041 

.545 

.454 

.126 

1,199 

.12 

.08 

.328 

.039 

.583 

.416 

.121 

J .403 

.12 

.10 

.336 

.041 

.572 

.427 

.124 

1.337 

.12 

.12 

.344 

.043 

.561 

.438 

.126 

1.279 


C[ = 

.70 


c w = 

.12 



.08 

.08 

.236 

.034 

.546 

.453 

.144 

1.205 

.08 

.10 

.248 

.036 

.525 

.474 

.147 

1.106 

.08 

.12 

.260 

.038 

.506 

.493 

.148 

1.027 

.10 

.08 

.254 

.036 

.571 

.428 

.143 

1.335 

.10 

.10 

.266 

.039 

.550 

.449 

.146 

1.225 

.10 

.12 

.277 

.041 

.532 

.467 

.148 

1.138 

.12 

.08 

.272 

.038 

.592 

.407 

.140 

1.453 

.12 

.10 

.283 

.044 

.571 

.428 

.144 

1.335 

.12 

.12 

.295 

.043 

.553 

.446 

.146 

1.240 


Cf = 

.70 


c w = 

.16 




.08 

.08 

.270 

.036 

.08 

.10 

.281 

.038 

.08 

.12 

.292 

.040 

.10 

.08 

.287 

.038 

.10 

JO 

.298 

.040 

.10 

.12 

.308 

.042 

.12 

.08 

.304 

.040 

.12 

.10 

.314 

.042 

.12 

.12 

,325 

.044 


.540 

.459 

.134 

L177 

.523 

.476 

.136 

1.098 

.508 

.491 

J37 

1.033 

.562 

.437 

.133 

1.285 

.545 

,454 

.136 

1J99 

.530 

.469 

.138 

1.128 

.580 

.419 

J32 

1.383 

.563 

.436 

J35 

1.291 

.548 

.451 

,137 

1,215 
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Prestressed Concrett Structures 



Cf = 

.70 


c w — 

.20 



.08 

.08 

.304 

.038 

.536 

.463 

.126 

1.156 

.08 

.10 

.314 

.040 

.522 

.477 

.128 

1.092 

.08 

.12 

.324 

.041 

.509 

.490 

,129 

1.038 

.10 

.08 

.320 

.040 

.555 

.445 

.126 

1.247 

.10 

.10 

.330 

.042 

.540 

.459 

.128 

1.178 

.10 

.12 

.340 

.044 

.528 

.471 

.130 

1.119 

.12 

.08 

.336 

.042 

.570 

.429 

.125 

1.330 

.12 

.10 

.346 

.0 44 

.557 

.442 

.128 

1.257 

.12 

.12 

.356 

.046 

.544 

.455 

.130 

1.195 


Cf ~ 

.80 


c w — 

.12 



.08 

.08 

.244 

.036 

.530 

.469 

.148 

1.127 

.08 

.10 

.258 

.038 

.506 

.493 

.149 

1.028 

.08 

.12 

.272 

.040 

.487 

.512 

.149 

.949 

.10 

.08 

.262 

.038 

.555 

.444 

.147 

1.249 

.10 

.10 

.276 

.041 

.523 

.467 

.150 

1.139 

.10 

.12 

.289 

.043 

.512 

.487 

.151 

1.052 

.12 

.08 

.280 

.040 

.576 

.432 

.144 

1.361 

.12 

.12 

.293 

.043 

.554 

.445 

.148 

1.242 

.12 

.10 

.307 

.046 

.534 

.465 

.150 

1.147 


Cf 

.80 


c w = 

.16 



.08 

.08 

.278 

.038 

.526 

.473 

.137 

1.111 

.08 

.10 

.291 

.040 

.507 

.492 

.139 

1.029 

.08 

.12 

.304 

.042 

.490 

.509 

.139 

.962 

.10 

.08 

.295 

.040 

.548 

.451 

.137 

1.213 

.10 

.10 

.308 

.043 

.529 

.470 

.140 

1.124 

.10 

.12 

.320 

.045 

,512 

.487 

.141 

1.051 

.12 

.08 

.312 

.042 

.566 

.433 

.136 

1.307 

.12 

.10 

.324 

.045 

.547 

.452 

.139 

1.211 

.12 

.12 

.337 

.047 

.531 

.468 

.140 

1.133 


Cf — 

.80 


C\v — 

.20 




.08 

.08 

.312 

.040 

.08 

.10 

.324 

.042 

.08 

.12 

.336 

.044 

.10 

.08 

.328 

.042 

.10 

.10 

.340 

.044 

.10 

.12 

.352 

.046 

.12 

.08 

.344 

.044 

.12 

JO 

.356 

.046 

,12 

J2 

.368 

.049 


.523 

.476 

.129 

1.099 

.507 

.492 

.130 

1.030 

.493 

.506 

.131 

.973 

.542 

.457 

.129 

1.185 

.526 

.473 

.132 

1.111 

.512 

.487 

.133 

1.050 

.558 

.441 

.128 

1.265 

.542 

.457 

.131 

1.187 

.528 

.471 

.133 

1.121 
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Prestressed Concrete Structures 



Cf = 

1.00 


Cw = 

J6 



.08 

.08 

.294 

.041 

.500 

.500 

.142 

1.000 

.08 

JO 

.311 

.044 

.477 

.522 

.143 

.915 

.08 

J2 

.328 

.046 

.459 

.540 

.142 

.848 

JO 

.08 

.311 

.044 

.522 

All 

.143 

1.092 

JO 

JO 

.328 

.047 

.500 

.500 

.144 

1.000 

JO 

.12 

.344 

.049 

.480 

.519 

.144 

.926 

J2 

.08 

.328 

.046 

.540 

.459 

.142 

1.178 

J2 

JO 

.344 

.049 

.519 

.480 

.144 

1.079 

J2 

.12 

.361 

.052 

.500 

.500 

,145 

1.000 


Cf = 

1.00 


C\v — 

.20 



.08 

.08 

.328 

.043 

.500 

.500 

J33 

1.000 

.08 

.10 

.344 

.046 

.480 

.519 

.134 

.926 

.08 

J2 

.360 

.048 

.464 

.535 

.134 

.867 

JO 

.08 

.344 

.046 

.519 

.480 

.134 

1.079 

JO 

JO 

.360 

.049 

.500 

.500 

.136 

1.000 

JO 

.12 

.376 

.051 

.483 

.516 

.137 

.935 

.12 

.08 

.360 

.048 

.535 

.464 

.134 

1.153 

.12 

.10 

.376 

.051 

.516 

.483 

J37 

1.068 

J2 

J2 

.392 

.054 

.500 

.509 

.137 

1.000 



Fixed End Moments 


845 


Table. 3. Fixed end moments due to prestressing force 
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Prestressed Concrete Structures 


Table 4(a)—M embrane Forces and Displacements in Simply Supported 
Cylindrical Shells ; Loads Uniformly Distributed 
Aiono the Length of the Barrel 

(a) Uniform Transverse Load a 



Longitudinal Force N x — 


qr (t") 2 * t( 1_ t) xCo1- (1) 

Shearing Force N x ^— 

qr (“t)* ( 1_ T") xCo1, 


Transverse Force — 
qr X Col. (3) 

Vertical Displacement 13 w— 



[t~ (t )*]( xCo1 - (4) 


Horizontal Displacement v— 



°Thc use of column numbers in the formulas refer* to the appropriate coefficient in 
the column cited. ^Downward direction is positive. c Inward direction is positive. 
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Table 4(a)—M embrane Forces and Displacements in Simply Supported 
Cylindrical Shells ; Loads Uniformly Distributed 
Along the Length of the Barrel ( Contd.) 


(a) Uniform Transverse Load 


/k-/ 

N* 

* 

** 

W 

V 

V 


(i) 

(2) 

( 3 ) 

(4) 

(5) 

(6) 

0 

-1.500 

0 

- 1.0000 

0.5000 

0 

0 

5 

-1.477 

-0.1302 

-0.9924 

0.4944 

0.0872 

-0.0003 

10 

-1.409 

-0.2565 

-0.9698 

0.4775 

0.1736 

-0.0026 

15 

-1.295 

-0.3749 

-0.9330 

0.4506 

0.2588 

—0.0072 

20 

-1.150 

-0.4820 

-0.0830 

0.4148 

0.3420 

-0.0200 

25 

-0.965 

-0.5746 

-0.8214 

0.3722 

0.4226 

-0,0377 

30 

-0.750 

— 0.6503 

-0.7500 

0.3447 

0.5000 

-0.0625 

35 

-0.513 

0.7048 

-0.6710 

0.2748 

0.5736 

0.0944 

40 

-0.261 

-0.7385 

-0.5868 

0.2247 

0.6428 

-0.1328 

45 

0 

— 0.7500 

-0.5000 

0.1767 

0.7071 

0.1768 

50 

0.261 

-0.7385 

-0.4132 

0.1328 

0.7600 

-0.2247 

55 

0.513 

-0.7048 

-0.3290 

0.0944 

0.8191 

- 0.2749 

60 

0.750 

-0,6503 

-0.2500 

0.0625 

0.8660 

- 0.3248 

65 

0.965 

-0.5746 

— 0.1786 

0.0377 

0.9063 

-0.3722 

70 

1.150 

-0.4820 

-0.1170 

0.0199 

0.9397 

-0.4149 

75 

1.295 

— 0.3749 

-0.0669 

0.0086 

0,9659 

- 0,4506 

80 

1.409 

-0.2565 

— 0.0301 

0.0026 

0.9848 

-0.4776 

85 

1.477 

-0.1302 

-0.0076 

0.0004 

0.9962 

— 0,4943 

90 

1,500 

0 

0 

0 

1.0000 

— 0.5000 
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Presitesstd Concrete Structures 


Table 4(b)—M embrane Forces and Displacements in Simply Supported 
Cylindrical Shells; Loads Uniformly Distributed 
Along the Length of the Barrel 


(b) Dead Weight Load a 



[TmrrLm 



H- i - 


Longitudinal Force N x — 

(t)^!! 1 - f) xco >- w 

Shearing Force Nx^— 

q t r 2 f ) XCoL 

Transverse Force — 
q$ r X Col. (9) 

Vertical Displacement 11 w— 

[t - (t)'] + (t)* xCol. (10) | 

Horizontal Displacement 11 v— 

?* r 7 »Te(t) xGo1 - < n ) 


“The use of column numbers in the formulas refers to the appropriate coefficient in 
the column cited. ^Downward direction i* positive. c Inward direction is positive. 
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Table 4(b)—M embrane Forces and Displacements in Simply Supported 
Cylindrical Shells; Loads Uniformly Distributed 
Along the Length of the Barrel { Contd .) 

( b ) Dead Weight Load 



N, 

N «# 

N, 

w 

V 


(7) 

(8) 

(9) 

(10) 

(ii) 

0. 

- 1.0000 

0 

-1.0000 

1.0000 

0 

5 

-0.9962 

-0.0871 

-0.9962 

0,9924 

0.0868 

10 

-0.9848 

-0.1736 

-0.9848 

0.9698 

0.1710 

15 

-0.9659 

-0.2589 

—0.9659 

0.9330 

0.2500 

20 

-0.9397 

-0.3421 

-0.9397 

0.8830 

0.3214 

25 

-0.9063 

-0.4225 

-0.9063 

0.8214 

0.3830 

30 

-0.8660 

-0.5000 

-0.8660 

0.7500 

O.4330 

35 

-0.8191 

-0.5737 

-0.8191 

0.6710 

0.4698 

40 

-0.7660 

-0.6428 

-0.7660 

0.5868 

0.4924 

45 

-0.7071 

-0.7071 

-0.7071 

0.5000 

0.5000 

50 

-0.6428 

-0.7661 

-0.6428 

0.4132 

0.4924 

55 

-0.5736 

-0.0192 

-0.5736 

0.3290 

0.4698 

GO 

-0.5000 

-0.8660 

-0.5000 

0.2500 

0.4330 

65 

-0.4226 

-0.9062 

-0.4226 

0.1786 

0.3830 

70 

-0.3420 

-0*9397 

-0.3420 

0.JI70 

0.3214 

75 

-0.2588 

-0.9659 

-0.2588 

0.0669 

0.2500 

80 

-0.1736 

-0.9847 

—0.1736 

0.0301 

0,1710 

85 

-0.0872 

-0.9962 

-0.0872 

0.0076 

0.0868 

90 

0 

- 1.0000 

0 

0 

0 
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Prestressed Concrete Structures 


Table 5(a)—M embrane Forces and Displacements in Simply Supported 
Cylindrical Shells : Loads Varying from Zero 
at the Ends to Maximum at the Middle 


(a) Uniform Transverse Load 


Longitudinal Force N x — 


m 


X Col, (1) sin i 


Shearing Force N^- 


Transvcrsc Force N.— 


qr X Col. (3) sin ** * 


Vertical Displacement w— 


^77?[( 1 + y (■"'■/0 2 +^ (’ "rjl ')* ^ x Col. (4) J sin -Li_ 


Horizontal Displacement v— 


+ ^{(f)-xc,M5) + [.+ 4(¥) , + rB , -)‘] 

x Col. (6) I* x sin ~— 
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Membrane Fonts and Displacements 
5(a)—MEMBRANE FoRCES AND DISPLACEMENTS IN SlMPLY SUPPORTED 

TABLE Cylindrical Shells ; Loads Varying from Zero 
AT the Ends to Maximum at the Middle ( Conld .) 


(a) Uniform Transverse Load 


, '*vi 

* 

\ 

Np 

Nx 4 


w 

V 

V 


( 1 ) 

( 2 ) 

(31 

( 4 ; 

( 5 ) 

( 6 ) 

0 

— 0.3040 

0 

- 1.0000 

0.12319 

0 

0 

5 

- 0.2993 

- 0.0829 

- 0.9924 

0.12180 

0.0872 

- 0.00009 

10 

- 0.2856 

- 0.1633 

- 0.9698 

0.11766 

0.1736 

— 0.00064 

15 

- 0.2623 

- 0.2387 

- 0.9330 

0.11102 

0.2588 

— 0.00213 

20 

- 0.2329 

- 0.3069 

- 0.8830 

0.10222 

0.3420 

- 0.00490 

25 

- 0.1954 

- 0.3658 

- 0.8214 

0.09170 

0.4226 

- 0.00930 

10 

- 0.1520 

- 0.4140 

- 0.7500 

0.08001 

0.5000 

- 0.01539 

35 

- 0.1040 

- 0.4487 

- 0.6710 

0.06771 

0.5736 

0.02325 

40 

- 0.0528 

- 0.4702 

— 0.5868 

0.05537 

0.6428 

- 0.03272 

45 

0 

- 0.4775 

- 0.5000 

0.04355 

0.7071 

. 04)4355 

50 

0.0528 

- 0.4702 

- 0.4132 

0.03272 

O . 76 G 0 

- 0.05537 

55 

0.1040 

- 0.4487 

- 0.3290 

0.02325 

0.8191 

0.06771 

60 

0.1520 

- 0.4140 

- 0.2500 

0.01539 

0.8660 

0.08001 

65 

0.1954 

- 0.3658 

- 0.1786 

0.00930 

0,9063 

- 0.09170 

70 

0.2329 

- 0.3069 

- 0.1170 

0.00490 

0.9397 

- 0.10222 

75 

0.2623 

- 0.2387 

- 0.0669 

0.00213 

0.9659 

- 0.11102 

80 

0.2856 

- 0.1633 

- 0.0301 

0.00064 

0.9848 

- 0,11766 

85 

0.2993 

- 0.0829 

- 0.0076 

0.00009 

0.9962 

- 0.12180 



n 

0 

0 

1.0000 

- 0.12319 
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Prestressed Concrete Structures 


Table 5(b)—M embrane Forces and Displacements in Simply Supported 
Cylindrical Shells ; Loads Varying from Zero 
at the Ends to Maximum at the Middle 


( b ) Dead Weight Load 



<1* r £(—) X Col. (7) J sin ~j~ 


Shearing Force Nx^— 

q t r ^(t) x Co1 ' ( 8 ) J cos / 
Transverse Force N*— 

?g r X Col. (9) x«in~ 


Vertical Diplacenaent w— 

l * [[ 2 r V 2 f r \* "| . * x 

?« r 7 5 Te|_V»Y j + ** + ( 1 ) x Co1 ' J sm 1 


Horizontal Displacement v— 
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Table 5(b)—M embrane Forces and Displacements in Simply Supported 
Cylindrical Shells ; Loads Varying from Zero 
at the Ends to Maximum at the Middle {C&rUd>) 

( b ) Dead Weight Load 



N x 

N*, 

N # 

w 

V 


(7) 

(8) 

(9) 

(10) 

(id 

0 

-0.2026 

0 

- 1.000 

1.0000 

0 

5 

-0.2019 

-0.0555 

-0.9962 

0.9924 

0.0868 

10 

-0.1996 

-0.1105 

-0.9848 

0.9698 

0.1710 

13 

-0.1957 

-0.1648 

— 0.9659 

0.9330 

0.2500 

20 

—0.1904 

-0.2178 

-0.9397 

0.8830 

0.3214 

25 

-0.1837 

-0.2690 

-0.9063 

0.8214 

0.3030 

30 

-0.1754 

-0.3183 

-0.8660 

0.7500 

0.4330 

35 

-0.1660 

-0.3652 

-0.8191 

0.6710 

0.4698 

40 

-0.1552 

-0.4092 

-0.7660 

0.5868 

0.4924 

45 

-0.1433 

-0.4502 

—0.7071 

0.5000 

0.5000 

50 

-0.1302 

-0.4877 

-0.6428 

0.4132 

0.4924 

55 

-0.1162 

-0.5215 

-0.5736 

0.3290 

0.4698 

60 

-0.1013 

-0.5513 

-0.5000 

0.2500 

0.4330 

65 

-0.0856 

-0.5769 

-0.4226 

0.1786 

0.3830 

70 

-0.0693 

-0.5982 

-0.3420 

0.1170 

0,3214 

75 

-0.0524 

-0.6149 

-0.2588 

0.0669 

0.2500 

80 

-0.0351 

-0.6269 

-0.1736 

0.0301 

0.1710 

85 

-0.0177 

-0.6342 

-0.0872 

0.0076 

0.0868 

90 

0 

-0.6366 

0 

0 

0 
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Prestressed Concrete Structures 


Table 6(a)—M embrane Forces and Displacements in Simply Supported 
Cylindrical Shells ; Loads Varying prom Zero 
at the Ends to Maximum Negative at the Middle 


(a) Uniform Transverse Load 


urgrn 

w* 


Longitudinal Force N* 


qr (IVxCol.(l) X sin ~~j~ 


Shearing Force N*#— 

/ ~ 3 it x 

qr — X Col. (2) X cos ^ 


Transverse Force Nf- 


qr x Col. (3) x sin - 


Vertical Displacement w- 


/4 r 


9/ nr V 81/ nrVI 3 it x 

'2 1, / j + 12V 1 J J CoL X Sil * 1 


Horizontal Displacement v- 


r OR,»)+[.+K")‘+S(-V)] 


"I 3 m x 
Col, (6) y sin ~ I — 
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Membrane Forces and Displacements 

Table 6(a)—M embrane Forces and Displacements in Simply Supported 
Cylindrical Shells ; Loads Varying from Zero 


at the Ends to Maximum Negative at the Middle (Conid.) 

(a) Uniform Transverse Load 

/«- 

-/ 

N* 

N« # 

N* 

w 

V 

V 



(i) 

(2) 

(3) 

(4) 

(5) 

(6) 

0 


-0.0338 

0 

- 1.0000 

0.00152 

0 

0 

5 


-0.0332 

-0.0276 

-0.9924 

0.00150 

0.0872 

- 0.00000 

10 


-0.0317 

-0.0544 

-0.9698 

0.00145 

0.1736 

— Q.00000 

15 


-0.0291 

-0.0796 

-0.9330 

0.00137 

0.2588 

-0.00002 

20 


- 0.0259 

-0.1023 

-0.8830 

0.00126 

0.3420 

—0.00006 

25 


-0.0217 

~ 0.1219 

-0.8214 

0.00113 

0.4226 

-0.00011 

30 


-0.0169 

-0.1380 

-0.7500 

0.00099 

0.5000 

-0.00019 

35 


-0.0116 

-0.1496 

-0.6710 

0.00084 

0.5736 

- -0.00029 

40 


- 0 . 005 y 

-0.1567 

-0.5868 

0.00068 

0.6428 

-0.00040 

45 


0 

-0.1592 

-0.5000 

0.00054 

0.7071 

-0.00054 

50 


0.0059 

-0.1567 

-0.4132 

0.00040 

0.7660 

-0.00068 

55 


0.0116 

-0.1496 

-0.3290 

0.00029 

0.8191 

-0.00084 

00 


0.0169 

-0.1380 

-0.2500 

0.00019 

0.8660 

-0.00099 

65 


0.0217 

— 0.1219 

-0,1786 

0.00011 

0.9063 

-0.00113 

70 


0.0259 

-0.1023 

-0.1170 

0.00006 

0.9397 

-0.00126 

75 


0.0291 

-0.0796 

-0.0669 

0.00002 

0.9659 

-0.00137 

80 


0.0317 

-0.0544 

-0.0301 

0.00000 

0.9848 

-0.00145 

85 


0.0332 

- 0.0276 

-0.0076 

0.00000 

0,9962 

-0.00150 

90 


0,0338 

0 

0 

0 

1.0000 

-0.00152 
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Prestressed Concrete Structures 


Table 6(b)—M embrane Forces and Displacements in Simply Supported 
Cylindrical Shells ; Loads Varying from Zero 
at the Ends to Maximum Negative at the Middle 


( b) Dead Weight Load 





h-<- h 


Longitudinal Force N x — 

?g r (yJxCol.(7) Xsin 3 *-* 


Shearing Force — 


ijg r (-£•) X Col. (8) x cos 


Transverse Force N# — 


q g r x Col. (9) X sin - 


Vertical Displacement w— 


l* T 2 4 f r \* fr\* 

r 8 <if[^81(ir)‘ 9\ */ / \ i J 


X Col. (10) 



3 7T* 
l 


Horizontal Displacement v— 
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able 6(b)— Membrane Forges and Displacements in Simply Supported 
Cylindrical Shells ; Loads Varying prom Zero 
at the Ends to Maximum Negative at the Middle ( Contd .) 

(b) Dead Weight Load 



N x 

N H 

N* 

w 

V 

n ) 

(7) 

(8) 

(9) 

(10) 

(ii) 

0 

-0.0225 

0 

- 1.0000 

1.0000 

0 

5 

-0.0224 

-0.0185 

-0.9962 

0.9924 

0.0868 

10 

-0.0222 

-0.0368 

-0.9848 

0.9698 

0.1710 

15 

-0.0219 

-0.0549 

-0.9659 

0.9330 

0.2500 

20 

-0.0212 

-0.0726 

-0.9397 

0.8830 

0.3214 

25 

-0.0204 

-0.0897 

-0.9063 

0.8214 

0.3830 

30 

-0.0195 

-0.1061 

-0.9660 

0.7500 

0.4330 

35 

-0.0184 

-0.1217 

-0.8191 

0.6710 

0.469 B 

40 

-0.0172 

-0.1364 

-0.7660 

0.5068 

0.4924 

45 

-0.0159 

-0.1501 

-0.7071 

0.5000 

0.5000 

50 

-0.0145 

-0.1626 

-0.6428 

0.4132 

0.4924 

55 

-0.0129 

-0.1738 

-0.5736 

0.3290 

0.4698 

60 

-0.0113 

-0.1838 

-0.5000 

0.2500 

0.4330 

65 

-0.0095 

-0.1923 

-0.4226 

0.1786 

0.3830 

70 

-0.0077 

-0.1994 

-0.3420 

0.1170 

0.3214 

75 

-0.0058 

-0.2050 

-0.2588 

0.0669 

0.2500 

80 

-0.0040 

-0.2090 

-0.1736 

0.0301 

0.1710 

85 

-0.0019 

-0.2114 

-0.0872 

0.0076 

0.0868 

90 

0 

-0.2122 

0 

0 

0 
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Table 7(a)—-S ymmetrical Edge Loads on Simply 
Supported Cylindrical Shells 


Vertical Edge Load 


Horizontal Edge Load 


(a) Basic Formulas and Loading Diagrams 


Longitudinal Force JV X —- 
Vl^IJxCoI. (1) ]si, ** 
Shearing Force — 

Vl [lxCol. (2) ]cos * - 
Transverse Force N ^— 
VlxCoI. (3)X sin 
Transverse Moment M ^— 

Vl fr X Col. (4)] sin K * 


Longitudinal Force N x — 

Hl JjTJxCol. (5) J sin ~ 

Shearing Force — 

Hl ^ — X Col. (6) J cos K * 
Transverse Force N +— 

Hi.X Col. (7) xsin 
Transverse Moment M ^— 

Hl [r X Col. (8)J sin 



f "■ 

( 1 ) 

( 2 ) 

( 3 ) 

( 4 ) 

Nx 

( 5 ) 

Nx # 

( 6 ) 

N 4 

( 7 ) 

( 8 ) 



(b) r 

/t = 100 and r/l = 0.1 




/ k - 30 : 

30 - 5.382 

0 

- 3.471 

- 0.3278 

- 0.0013 

0 

+ 0.9997 

+ 0.1310 

20 - 3.575 

— 2.619 

- 2.656 

- 0.2779 

+ 0.0017 

- 0.0001 

+ 0.9848 

+ 0.1162 

10 *f 1.809 

- 3.265 

- 0.775 

- 0.1512 

t - 0.0034 

+ 0.0017 

+ 0.9399 

+ 0.0722 

0 + 10.69 

0 

+ 0.500 

0 

- 0.0151 

0 

+ 0.8660 

0 

/ k =35 : 

35 - 3.430 

0 

- 2.959 

- 0.3703 

- 0.0061 

0 

: 0.9986 

+ 0.1754 

30 - 3.220 

- 0.921 

- 2.820 

- 0.3594 

- 0.0043 

- 0.0068 

+ 0.9951 

+ 0.1717 

20 - 1.538 

- 2.302 

- 1.812 

- 0.2781 

+ 0.0060 

+ 0.0136 

+ 0.9663 

+ 0.1425 

10 + 1.822 

- 2.301 

- 0.330 

- 0.1444 

+ 0.0080 

+ 0.0041 

+ 0.9071 

H - 0.0848 

0 + 6.845 

0 

- t “ 0.574 

0 

- 0.0316 

0 

+ 0.8192 

0 
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Table 7(a) ( Contd .) 

(b) (Continued) 


Vertical Edge Load 


Horizontal Edge Load 

/ 

N« 


N # 

M # 

N, 

N-# 

N, 

M* 

(1) 

(2) 

(3) 

(♦) 

(5) 

(6) 

(7) 

(«) 

o 

rh 

II 

Jt, 










40 

- 

2.210 

0 

-2.534 

-0.4048 

-0.0165 

0 

+ 0.9954 

+0.2247 

30 


1.806 

-1.138 

-2.168 

-0.3683 

-0.0049 

-0.0068 

+ 0.9836 

+ 0.2041 

20 

~ 

0.578 

-1.830 

-1.205 

-0.2691 

+ 0.0176 

-0.0032 

+ 0.9420 

+ 0.1672 

10 

+ 

1.516 

-1.614 

-0.045 

-0.1352 

+ 0.0156 

+ 0.0081 

+0.8685 

+ 0.1047 

0 


4.534 

0 

+ 0.643 

0 

-0.0631 

0 

+0.7660 

0 

/k— 45 : 










45 

~ 

1.602 

0 

-2.231 

-0.4355 

-0.0359 

0 

+0.9873 

+ 2.2779 

40 

- 

1.546 

-0.434 

-2.163 

-0.4274 

-0.0309 

-0.0094 

+ 0.9849 

+0.2743 

30 

- 

1.098 

-1.180 

-1.646 

-0.3654 

+ 0.0033 

-0.0181 

+ 0.9642 

+0.2461 

20 

- 

0.166 

-1.550 

-0.763 

-0.2562 

+ 0.0412 

-0.0050 

+ 0.9138 

+ 0.1899 

10 

+ 

1.310 

-1.263 

+ 0.179 

-0.1255 

+ 0.0260 

+0.1175 

1 0.8251 

+ 0.1072 

0 

+ 

3.407 

0 

+ 0.707 

0 

-0.1185 

0 

+ 0.7071 

0 

J?k=50 










50 

~ 

1.051 

0 

- 1.931 

-0.4541 

-0.0693 

0 

+ 0.9690 

+0.3336 

40 

- 

0.948 

-0.558 

-1.741 

-0.4265 

-0.0213 

-0.0326 

i 0.9650 

+0.3198 

30 

- 

0.619 

-0.999 

-1.208 

-0.3492 

+ 0.0284 

i- 0.0366 

+0.9430 

+0.2786 

20 

- 

0.001 

-1.184 

-0.451 

-0.2379 

+0.0820 

-0.0039 

+0.8851 

+ 0.2104 

10 

+ 

0.998 

-0.930 

+ 0.317 

-0.1141 

+ 0.0374 

+ 0.0357 

+0.7738 

+0.1167 

0 

4- 

2.488 

0 

+ 0.766 

0 

-0.2047 

0 

+0.6428 

0 

(c) r/t —100 iuuI r/l=0.2 

o 

CO 

li 










30 

— 

5.160 

0 

-3.420 

-0.3028 

-0.0742 

0 

+0.9815 

+0,1219 

20 

— 

3.440 

-2.531 

-2.632 

-0.2565 

-0,0123 

-0.0292 

+0.9757 

+0.1084 

10 

— 

1.763 

-3.228 

-0.787 

-0.1395 

+0.0700 

-0.0087 

+0.9427 

+0.0678 

0 

+ 10.92 

0 

+0.500 

0 

-0.1140 

0 

+0.6660 

0 
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Table 7(a) ( Contd .) 

(c) (Continued) 


Vertical Edge Load Horizontal Edge Load 



N, 

( 1 ) 

N,, 

( 2 ) 

N # 

( 3 ) 

M , 

( 4 ) 

Nx 

( 5 ) 

( 6 ) 

Nx, 

( 7 ) 

( 8 ) 










35 

- 3.087 

0 

- 2.871 

- 0.3347 

- 0.1552 

0 

40.9603 

40.1591 

30 

- 2.939 

— 0.833 

- 2.744 

- 0.3248 

- 0.1260 

- 0.0399 

40.9622 

40.1559 

20 

- 1.639 

- 2.156 

- 1.807 

- 0.2514 

40.0561 

- 0.0634 

40.9649 

40.1301 

10 

4 1.501 

- 2.296 

- 0.365 

- 0.1302 

40.1526 

40.0074 

40.9224 

40.0781 

0 

4 7.434 

0 

40.574 

0 

- 0.3244 

0 

40.8192 

0 

J^k-40 









40 

- 1.764 

0 

- 2.398 

- 0.3556 

- 0.3096 

0 

40.9007 

40.1962 

30 

- 1.640 

- 0.947 

- 2.105 

- 0.3239 

- 0.1336 

- 0.1389 

40.9351 

40.1845 

20 

- 0.965 

- 1.697 

- 1.251 

- 0.2374 

40.2243 

- 0.1133 

40.9680 

40.1487 

10 

4 - 1.111 

- 1.753 

- 0.109 

- 0.1188 

40.2753 

40.0557 

40.9101 

40.0870 

0 

4 5.836 

0 

40.643 

0 

- 0.7210 

0 

40.7660 

0 

/k«45 









45 

- 0.775 

0 

- 1.934 

- 0.3619 

- 0.5679 

0 

40.7941 

40.2293 

40 

- 0.820 

- 0.217 

- 1.897 

- 0.3556 

- 0.4987 

- 0.1493 

40.8118 

40.2269 

30 

- 1.062 

- 0.731 

- 1.584 

- 0.3068 

- 0.0210 

- 0.3078 

40.9229 

40.2071 

20 

- 0.934 

- 1.317 

- 0.910 

- 0.2175 

40.5381 

- 0.1552 

41.008 

40.1641 

10 

+ 0,700 

- 1.478 

40.039 

- 0.1073 

40.4245 

40.1611 

40.9154 

40.0946 

0 

4 5.344 

0 

40.707 

0 

- 1.392 

0 

40.7071 

0 

/ k »50 

: 








50 

4 0.052 

0 

- 1.437 

- 0.3493 

- 0.9469 

0 

40.5813 

40.2514 

40 

- 0.291 

- 0.028 

- 1,413 

- 0.3315 

- 0.5827 

- 0.4585 

40.7040 

40-2452 

30 

- 1.016 

- 0.383 

- 1.246 

- 0.2786 

40.2885 

- 0.5526 

40.9656 

40.2228 

20 

- 1.244 

- 1.059 

- 0.745 

- 0.1953 

40.1015 

- 0.1620 

41 . H 2 

40.1764 

10 

4 0.381 

- 1.427 

40,110 

- 0.0943 

40.5624 

40.3610 

40.9471 

40.1015 

0 

4 5.670 

0 

40.766 

0 

- 2.398 

0 

40.6428 

0 
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Table 7(a) (Contd.) 

(c) (Conclude) 



Vertical Edge Load 



Horizontal Edge Load 

/ 

N* 





N* 


N* 


to 

(2) 

(3) 

(4) 


(5) 

(6) 

(7) 

(8) 




(d) r/t=100 aod r 

/1=0.3 




t=30 










30 

- 4.709 

0 

-3.362 

-0.2769 

- 

0.2662 

0 

+0.9571 

+0.1099 

20 

- 3.568 

-2.381 

-2.632 

-0.2347 

- 

0.0094 

-0.0961 

+0.9752 

+0.0982 

10 

+ 1.053 

-3.290 

-0.837 

-0.1275 

4- 

0.2942 

4-0.0035 

+ 0.9639 

+0.0622 

0 

4-12.43 

0 

4-0.500 

0 

- 

0.6606 

0 

+0.8660 

0 

:=35 

: 









35 

- 2.156 

0 

-2.682 

-0.2903 

- 

0.6039 

0 

+ 0.0706 

+0.1362 

30 

- 2.203 

-0.595 

-2 591 

-0.2821 

- 

0.4823 

-0.1544 

+0.6892 

+0.1338 

20 

- 2.106 

-1.817 

-1.850 

-0.2201 

4- 

0.2698 

-0.2300 

+0.9859 

+ 0.1137 

10 

+ 0.513 

- 2-456 

-0.482 

-0.1148 

+ 

0.6242 

4-0.0755 

+ 0.9800 

+ 0.0698 

0 

4-10.03 

0 

4-0.574 

0 

- 

1.543 

0 

+ 0.0192 

0 

;=40 










40 

- 0.216 

0 

-1.977 

-0.2B53 

- 

1.176 

0 

+0.6733 

+0.1553 

30 

- 1.020 

-0.275 

-1.892 

-0.2631 

- 

0.4865 

-0.5149 

+0.8208 

+0.1488 

20 

- 2.210 

-1.203 

-1.430 

-0.1982 

+ 

0.9141 

-0.3958 

+ 1.069 

+0.1252 

10 

- 0.295 

-2.141 

-0.338 

-0.1018 

+ 

1.073 

4-0.2676 

+ 1.040 

+0.0762 

0 

4-10.01 

0 

4-0.643 

0 

- 

3.068 

0 

+0,7660 

0 

;=45 

: 









45 

4- 1.400 

0 

-1.178 

-0.2565 

- 

1.970 

0 

+0.3055 

+0.1591 

40 

+ 1.083 

4-0.354 

-1.224 

-0,2537 

- 

1.728 

-0.5178 

+0.3766 

+0.1589 

30 

- 1.040 

4- 0.432 

-1.454 

-0.2296 

- 

0.0472 

-1.061 

+0.8385 

+0,1550 

20 

- 3.110 

-0.788 

-1.326 

-0.1743 

+ 

1.941 

-0.5051 

+ 1.279 

+0.1338 

10 

- 0.946 

-2.214 

-0.330 

-0.0899 

+ 

1.513 

+0.6328 

+ 1.158 

+0.0821 

0 

+ 11.24 

0 

4-0.707 

0 

— 

5.257 

0 

+0.7071 

0 
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Table 7(a) ( Contd .) 


(d) (Continued) 



Vertical Edoe Load 


Horizontal Edoe Load 


N, 

(1) 

(2) 

(3) 

(4) 

N* 

(51 

N* 

(6) 

(7) 

(8) 

fit *=50 

: 








50 

+ 2.605 

0 

-0.326 

-0.2300 - 

2.821 

0 

-0.2407 

+ 0.1409 

40 

+ 1.276 

+ 1.180 

-0.676 

-0.2032 - 

1.744 

-1.346 

+ 0.1577 

+ 0.1474 

30 

- 1,837 

+ 1.062 

-1.342 

-0.1926 + 

0.8732 

-1.624 

+ 1.033 

+ 0.1561 

20 

- 4.099 

-0.690 

-1.432 

-0.1527 + 

3.129 

-0.4486 

+ 1.623 

+0.1422 

10 

- 1.187 

-2.497 

-0.379 

-0.0801 + 

1.766 

+ 1.155 

+ 1.315 

+ 0.0B85 

0 

+ 12.66 

0 

+ 0.766 

0 - 

7.773 

0 

+ 0.6428 

0 




w 

r/t = 100 and r/l=0.4 





/k=30 : 


30 - 3.508 

0 

-3.175 

-0.2404 

- 0.736 

0 

+ 0.881 

+ 0.0947 

20 - 3.500 

-1.942 

-2.592 

-0.2048 

- 0.038 

-0.26B2 

+ 0.95B 

+0.0856 

10 - 0.244 

-3.281 

-0.947 

-0.1121 

|- 0.804 

-0.0008 

+ 1.008 

+0.0544 

0 +15.23 

0 

+ 0.500 

0 

- 1.772 

0 

+0.866 

0 

jfc=35 : 

35 - 0.217 

0 

-2.261 

-0.2351 

- 1.518 

0 

+ 0.670 

+0.1091 

30 - 0.656 

-0.102 

-2.241 

-0.2293 

- 1.214 

-0.3078 

+ 0.723 

+ 0.1078 

20 - 2.982 

-1.086 

-1.911 

-0.1833 

+ 0.680 

-0.5777 

+ 1.014 

+ 0.0952 

10 - 1.512 

-2.715 

-0.712 

-0.0982 

+ 1.596 

+ 0.1902 

+ 1.092 

+ 0.0612 

0 +15.11 

0 

+ 0.574 

0 

- 3.990 

0 

+0.819 

0 

$ K—40 : 

40 + 2.485 

0 

-1.221 

-0.2044 

- 2.664 

0 

+0.250 

+0.1088 

30 + 0.117 

+0,913 

-1.512 

-0.1948 

- 1.123 

-1.171 

+0.606 

+0.1093 

20 - 4.296 

-0.278 

-1.730 

-0.1580 

+ 2.058 

-0.9139 

+ 1.236 

+0.1013 

10 - 2.814 

-2.749 

-0.749 

-0.0862 

+ 2.495 

+0,6036 

+ 1.272 

+0.0665 

0 +17.20 

0 

+0.643 

0 

- 7.122 

0 

+0.766 

0 
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Table 7(a) ( Contd *) 


26S 


(t) (Continued) 


Vertical Edge Load Horizontal Edge Load 


/ 

N « 

( 1 ) 

N ,, 

( 2 ) 

( 3 ) 

M , 

( 4 ) 

N # 

( 5 ) 

N *, 

( 6 ) 

( 7 ) 

( 8 ) 

/«.=45 










45 

4 

4.329 

0 

- 0.119 

— 0.1513 

- 3.817 

0 

- 0.372 

+ 0.0899 

40 

- I - 

3.663 

4 - 1.126 

- 0.277 

- 0.1526 

- 3.381 

- 1.005 

- 0.230 

+ 0.0923 

30 

- 

0.918 

4 - 2.029 

- 1.249 

- 0.1564 

- 0.150 

- 2.079 

+ 0.703 

+ 0.1060 

20 

- 

6.034 

- 0.008 

- 1.889 

- 0.1377 

+ 3.796 

- 1.015 

+ 1.638 

+ 0.1083 

10 

- 

3.355 

- 3.194 

- 0.854 

- 0.0780 

4 - 3.104 

+ 1.260 

+ 1.497 

+ 0.0731 

0 

4 - 19.64 

0 

4 0.707 

0 

- 10,78 

0 

+ 0.707 

0 

* • 

ii 

Cn 

O 










50 

4 - 

4.973 

0 

4 0.784 

- 0.0881 

- 4.477 

0 

- 1.043 

+ 0.0545 

40 

4 - 

2.829 

4 - 2.328 

1 0,079 

4 - 0.1028 

- 2.858 

- 2.155 

- 0.394 

+ 0.0716 

30 

- 

2.433 

4 - 2.516 

- 1.399 

- 0.1279 

f 1.235 

- 2.673 

4 - 1,065 

+ 0.1057 

20 

~ 

6.881 

— 0.213 

— 2.118 

- 0.1244 

+ 5.125 

- 0.8202 

+ 2.120 

+ 0.1184 

10 

- 

3.049 

— 3.540 

- 0.904 

- 0.0724 

4 - 3.212 

+ 1.909 

+ 1.707 

+ 0.0810 

0 

4 - 20.35 

0 

4 0.766 

0 

- 13.59 

0 

+ 0.643 

0 





( f ) * 

/t-100 and r/1—0.5 





^k = 30 : 


30 

- 

1.757 

0 

- 2.879 

- 0.2019 

- 

1.420 

0 

+ 0.767 

+ 0.0789 

20 

- 

3.508 

- 1.323 

- 2.524 

- 0.1738 

- 

0.037 

- 0.5108 

+ 0.932 

+ 0.0727 

10 

- 

2.292 

- 3.378 

- 1.108 

- 0.0969 

+ 

1.616 

+ 0.0381 

+ 1.071 

+ 0.0489 

0 

+ 20.22 

0 

4 - 0.500 

0 

- 

3.767 

0 

+ 0.866 

0 

/ k =35 











35 

+ 

2.471 

0 

- 1.677 

- 0.1788 

- 

2.776 

0 

+ 0,395 

+ 0.0016 

30 

+ 

1.493 

+ 0.587 

- 1.758 

- 0.1758 

- 

2.223 

- 0,7101 

+ 0.495 

+ 0,0816 

20 

- 

4.209 

- 0.060 

- 2,002 

- 0.1480 

+ 

1.246 

- 1.062 

+ 1.056 

+ 0*0775 

10 

- 

4.426 

— 3*090 

- 1.055 

- 0.0837 

+ 

2,986 

+ 0,3737 

+ 1.252 

+ 0.0535 

0 

+ 

22.54 

0 

+ 0.574 

0 

— 

7.555 

0 

+ 0.819 

0 
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Table 7(a) (Contd.) 


(/) (Continued) 


Vertical Edge Load Horizontal Edob Load 


j- N, 


N. 


N# 

M, 

$ 

(1) 

(2) (3) (4) 

(5) 

(6) 

(7) 

(8) 

/k-40: 






40 + 5.472 

0 -0.358 -0.1324 

- 4,282 

0 

-0.220 

40.0682 

30 + 1.404 

+2.232 -1.069 -0.1354 

- 1.039 

-1.889 

40.363 

40.075+ 

20 — 6.661 

+ 0.757 -2.062 -0.1254 

4 3.336 

-1.488 

41-415 

40.0819 

10 - 5.826 

— 3.503 -1.214 -0.0751 

4 4.196 

41.017 

+ 1,528 

40.0593 

0 426.12 

0 +0.643 0 

-12.17 

0 

4 0.766 

0 

^k*=45 : 






45 4 6.655 

0 +0.771 -0.0750 

- 4.B23 

0 

-0.923 

40.0405 

40 4 5.749 

+ 1.741 +0.524 -0.0793 

- 4.625 

-1.375 

-0.727 

40.0448 

30 — 0.652 

+ 3.364 -1.053 -0.1039 

- 0.365 

-2.902 

40.573 

4 0.0709 

20 - 8.443 

+ 0.730 -2.362 -0.1125 

4 5.266 

-1.497 

41.929 

40.0901 

10 - 5.758 

-4.033 -1.326 -00708 

4 4.705 

41-781 

41 -798 

40.0670 

0 427.76 

0 +0.707 0 

-16.12 

0 

40.707 

0 

/k=50: 






50 + 6.074 

0 +1.416 -0.0253 

- 5.122 

0 

-1.462 

40.00B8 

40 + 3.738 

+ 2.900 +0.542 -0.0469 

- 3.478 

-2.507 

-0.713 

40.0302 

30 - 2.427 

+ 3.394 -1.371 -0.0900 

4 1.103 

-3.275 

41.025 

4 0 0759 

20 - 8.536 

+0.212 -2.512 -0.1065 

4 6,245 

— 1.164 

42.385 

40.1024 

10 - 4.760 

-4.221 -1.261 -0.0672 

4 4.596 

42.387 

41.966 

40.0752 

0 +26.68 

0 +0.766 0 

- 18.51 

0 

40.643 

0 


(g) r/t=100 and »/l=0.6 


J?Ka=30 : 

30 + 0.690 0 - 2.477 - 0.1646 - 2.375 0 +0.609 +0.0636 

20 - 3.149 -0.438 - 2.432 -0.1447 - 0.079 -0.8580 +0.895 +0.0605 

10 - 5.088 -3.429 -1.334 -0.0837 + 2.720 +0.0560 +1.160 +0.0431 

0 +0.500 0 - 6.379 0 + 0.866 0 


0 426.76 



Symmetrical Edge Leads 

Table 7(a) ( Ctmtd .) 


205 


( g ) (Conclude) 


Vertical Edge Load Horizontal Edge Load 



N. 

(1) 

N ** 

(2) 

N * 

(3) 

(4) 

N, 

(5) 

(6) 

N # 

(7) 

M # 

(8) 

/k = 35 









35 

4- 5.530 

0 

+ 0.999 

-0.1294 

- 4.187 

0 

+0.005 

+0.0577 

30 

+ 3.964 

+ 1.371 

-1.194 

-0.1291 

- 3.368 

-1.072 

+ 0.231 

40.0589 

20 

- 5.521 

+ 1.142 

-2.096 

-0.1187 

+ 1.835 

-1.625 

+ 1.098 

+0.0628 

10 

- 7.862 

— 3.492 

-1.452 

-0.0731 

+ 4.617 

+ 0.5579 

4-1.430 

+0.0477 

0 

4-31.29 

0 

+ 0.574 

0 

-11.74 

0 

+0.091 

0 

© 

II 









40 

4- 8.029 

0 

+ 0.412 

-0.0781 

- 5.611 

0 

+0.632 

+ 0.0378 

30 

4- 2.640 

+ 3.389 

-0.660 

-0.0907 

- 2.518 

-2.498 

+0.140 

+0.0500 

20 

- 8.598 

+ 1.754 

-2.347 

-0.1015 

+ 4.328 

-2.036 

+ 1.563 

+0.0673 

10 

- 8.783 

-4.118 

-1.651 

-0.0674 

+ 5.859 

+ 1.341 

+ 1.421 

+ 0.0538 

0 

4-34.71 

0 

+ 0.643 

0 

-17.02 

0 

+ 0*766 

0 

II 

Ln 









45 

+ 7.904 

0 

+ 1.346 

-0.0293 

- 5.855 

0 

-1.258 

+ 0.0115 

40 

4- 6.935 

+ 2.070 

+ 1.051 

-0.0352 

- 5.259 

-1.550 

-1.038 

+ 0.0166 

30 

- 0.196 

+4.195 

-0.884 

-0.0712 

- 0.727 

-3.373 

+0.459 

+ 0.0490 

20 

- 9.841 

+ 1.352 

-2.657 

-0.0959 

+ 6.025 

- 1.905 

+2.094 

+0.0775 

10 

- 7.893 

-4.563 

-1.682 

-0.0659 

+ 6,150 

+2.089 

+2.020 

+0.0623 

0 

+ 34.56 

0 

+0.707 

0 

-20.64 

0 

+0.707 

0 

/x=50 









50 

+ 6.029 

0 

+ 1.647 

+ 0.0038 

- 4.847 

0 

-1.571 

-0.0114 

40 

+ 4.096 

+2.955 

+ 0.283 

-0.0192 

- 3.656 

-2.446 

-0.851 

+0.0100 

50 

- 1.803 

+3.754 

-1,264 

-0.0627 

+ 0.458 

-3.469 

+0.919 

+0.0574 

20 

- 9.145 

+ 0.659 

-2.736 

-0.0932 

+ 6.530 

-1.539 

+2.469 

+0.0897 

10 

- 6.445 

—4.528 

-1.501 

-0.0624 

+ 6.010 

+2.570 

+2.141 

+0.0696 

0 

+31.85 

0 

+0.766 

0 

-22.64 

0 

+0.643 

0 
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Preskessed Concrete Structures 


Table 7(a) ( Contd .) 




Vertical Edge Load 



Horizontal Edge Load 


P 

N* 





N* 

N >* 


M, 


(1) 

(2) 

(3) 

(4) 


(5) 

(6) 

(7) 

(B) 






(h) rft —200 and r 

/1=0.1 




K 

= 30 












30 

- 

5.388 

0 

--3.482 

- 0.3278 

- 

0.0129 

0 

40.9979 

40.1310 


20 

-- 

3.600 

-2.628 

-2.666 

-0.2779 

4 

0.0014 

-0.0043 

40.9845 

40.1162 


10 

+ 

1.787 

-3.290 

-0.781 

-0.1511 

.{. 

0.0164 

i 0.0020 

40.9410 

40.0722 


0 

410.83 

0 

-{0.500 

0 

- 

0.0447 

0 

+0.8660 

0 

/k 

= 35 












35 

- 

3.373 

0 

-2.947 

-0.3692 

- 

0.0349 

0 

40.9926 

40.1751 


30 

-- 

3.175 

-0.907 

-2.810 

-0.3584 

- 

0.0272 

-0.0089 

40.9901 

40.1715 


20 

- 

1.56G 

-2.282 

-1.814 

-0.2774 

4 

0.0192 

-0.0121 

40.9675 

40.1424 


10 

4 

1.763 

-2.310 

-0.337 

-0.1441 

4 

0.0378 

40.0075 

+ 0.9107 

+0.0832 


0 

4 

6.999 

0 

40.574 

0 

- 

0.1053 

0 

40.8192 

0 


— 40 












40 

- 

2.193 

0 

-2.526 

-0.4041 

- 

0.0791 

0 

4 0.9782 

40.2237 


30 

- 

1.834 

-1.137 

-2.168 

-0.3677 

- 

0.0303 

-0.0341 

40.9742 

40.2095 


20 

~ 

0.678 

-1.866 

-1.220 

-0.2690 

4 

0.0667 

-0.0239 

40.9491 

40.1669 


10 

4 

1.483 

-1.699 

-0.048 

-0.1354 

4 

0.0718 

40.0226 

40.8777 

40.0965 


0 

4 

4.960 

0 

40.643 

0 

- 

0.2243 

0 

40.7660 

0 

/k 

= 45 












45 

- 

1.415 

0 

-2.167 

-0.4305 

- 

0.1591 

0 

40.9446 

40.2747 


40 

- 

1.384 

-0.385 

-2.106 

-0.4226 

- 

0,1386 

-0.0418 

40.9469 

40.2713 


30 

- 

1.097 

-1.081 

-1.635 

-0.3622 

4 

0.0019 

-0.0838 

40.9561 

40.2441 


20 

- 

0.350 

-1.505 

-0.798 

-0.2550 

4 

0.1623 

-0.0353 

40.9371 

40.1892 


10 

4 

1.175 

-1.323 

40.148 

-0.1254 

4 

0.1167 

40.0570 

+0.8460 

+0,1071 


0 

4 

3.887 

0 

40,707 

0 

— 

0.4371 

0 

+0.7071 

0 



Symmetrical Edge Loads 
Table 7(a) ( Contd .) 


(h) (Continued) 


Vertical Edge Loads Horizontal Edge Load 


/ NI 
(1) 

Nx, 

(2) 

N, 

(3) 

(+) 

Nx 

(5) 

(6) 

(7) 

M # 

(8) 

/k=50 : 








50 - 0.838 

0 

-1.831 

-0.4457 

- 0.2911 

0 

4-0.8743 

+ 0.3250 

40 - 0,842 

-0.461 

-1.678 

-0.4195 

- 0.1746 

-0.1378 

4-0.9021 

+ 0.3125 

30 - 0.759 

-0.908 

-1.225 

-0.3455 

4- 0.1012 

-0.1615 

4-0.9516 

+0.2745 

20 - 0.314 

-1.227 

-0.517 

-0.2369 

4- 0.3240 

-0.0358 

4-0.9439 

4-0.2092 

10 + 0.907 

-1.111 

+ 0.281 

-0.1142 

4- 0.1645 

4-0.1245 

4-0.8204 

+ 0.1167 

0 -f 3.402 

0 

-f-0.766 

0 

- 0.7874 

0 

1 0.6428 

0 


(i) r/t =200 and r/1-0.2 


/k=30 : 


30 

~ 

4.804 

0 

-3.394 

-0.3054 

- 

0.2444 

0 

+ 0.9630 

+0.1216 

20 

- 

3.563 

-2.414 

-2.649 

-0.2592 

- 

0.0144 

-0.0894 

+ 0.9776 

+ 0.1084 

10 

+ 

1.170 

-3.280 

-0.B36 

-0.1412 

+ 

0.2619 

-0.0028 

+ 0.9629 

+ 0.0679 

0 

+ 12.12 

0 

+ 0.500 

0 

- 

0.5594 

0 

+ 0.8660 

0 

= 35 











35 

- 

2.269 

0 

-2.720 

-0.3304 

- 

0.5645 

0 

+0.8832 

+ 0.1560 

30 

- 

2.290 

-0.624 

-2.624 

-0.3211 

- 

0.4523 

-0.1446 

+ 0.9000 

+0.1531 

20 

- 

2.035 

-1.854 

-1.855 

-0.2507 

+ 

0.2416 

-0.2183 

+ 0.9868 

+ 0.1291 

10 

+ 

0.648 

-2.423 

-0.474 

-0.1313 

+ 

0.5770 

+ 0.0604 

+ 0.9767 

+0.0783 

0 

+ 

9.620 

0 

+0.574 

0 

- 

1.373 

0 

+0.8191 

0 

:=40 

; 










40 

- 

0,324 

0 

-2.021 

-0.3363 

- 

1.133 

0 

+0.6921 

+0.1847 

30 

- 

1,057 

-0.319 

-1.919 

-0.3098 

- 

0.4724 

-0.4965 

+0,8324 

+ 0.1760 

20 

- 

2.100 

-1.229 

-1.425 

-0.2331 

+ 

0.8653 

-0.3869 

+ 1.067 

+ 0.1458 

10 

- 

0.178 

-2.090 

-0.327 

-0.1202 

+ 

1.021 

+ 0.2424 

+ 1.036 

+0.0873 

0 

+ 

9,537 

0 

+0.643 

0 

_ 

2,851 

0 

+0.7660 

0 
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Table 7(a) ( Contd .) 

(fl (Continued) 


Vertical Edge Load Horizontal Edge Load 


/ 

N, 


N - 


N. 

N If 

N* 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(?) 

(8) 

/k«45 










45 

4 

1.358 

0 

-1.210 

-0.3140 - 

1.967 

0 

40.3169 

40.1973 

40 

4 

1.046 

40.344 

-1.254 

-0.3103 - 

1.725 

-0.5171 

40.3877 

40.1967 

30 


1.033 

-0.270 

-1.469 

-0.2789 - 

0.050 

-0.6113 

40.8459 

40.1884 

20 

- 

3.035 

-0.788 

-1.324 

-0.2104 4 

1.916 

-0.5110 

41-281 

40.1588 

10 

- 

0.885 

-2.169 

-0.327 

-0.1087 4 

1.486 

40.6094 

41.159 

40.0955 

0 

410.91 

0 

40.707 

0 - 

5.085 

0 

40.7071 

0 

/k=»50 

: 









50 

4 

2.686 

0 

-0.312 

-0.2588 - 

2.910 

0 

-0.2665 

40.1007 

40 

4 

1.320 

41.218 

-0.671 

-0.2562 - 

1.790 

-1.391 

40.1445 

40.1856 

30 

- 

1.860 

41-105 

-1.355 

-0.2385 4 

0.904 

-1.675 

41.046 

40.1809 

20 

- 

4.145 

-0.669 

-1.455 

-0.1867 4 

3.198 

-0.4671 

41.649 

40.1655 

10 

- 

1.190 

-2.490 

-0.395 

-0.0979 - 

1.779 

41.160 

41.332 

40.0992 

0 

4-12.58 

0 

40.766 

0 - 

7.777 

0 

40.6428 

0 





(j) r/t=200 and 

r/l=0.3 




/k*=30; 










30 

- 

2.875 

0 

-3.097 

-0.2688 

- 1.018 

0 

40.8433 

40.1065 

20 

- 

3.544 

-1.727 

-2.595 

-0.2300 

- 0.025 

-0.3675 

40.9558 

40.0961 

10 

- 

1.006 

-3.351 

-1.021 

-0.1270 

4 1.142 

40.0251 

41.038 

40.0619 

0 

4*17.18 

0 

40,500 

0 

- 2.618 

0 

40.8660 

0 

/k«35: 










35 

4 

1.157 

0 

-2.003 

-0.2639 

- 3.540 

0 

40.5377 

40.1233 

30 

4 

0.434 

40.250 

-2.034 

-0.2580 

- 1.763 

-0.5643 

40.6157 

40.1220 

20 

- 

3.630 

-0.571 

-1.989 

-0.2098 

4 1-001 

-0.0379 

41.051 

40.1087 

10 

- 

2.937 

-2,907 

-0.903 

-0.1149 

4 2.310 

40.2927 

41.184 

40.0698 

0 

+ 18.66 

0 

40.574 

0 

- 5.780 

0 

40.8192 

0 
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Table 7(a) (Conid.) 

(j ) (Continued) 


Vertical Edge Load Horizontal Edge Load 


/ 


N, 

N,, 


M* 

N, 

N, # 

N* 

M, 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(») 

^k=40 

: 









40 

+ 

4.491 

0 

-0.695 

-0.2230 

- 4.689 

0 

-0.0553 

+ 0.1198 

30 

+ 

0.927 

+ 1.787 

-1.263 

-0.2170 

- 1.599 

-1.680 

+0.4612 

+ 0.1225 

20 

- 

5.904 

+ 0,374 

-1.979 

-0.1836 

+ 2.992 

-1.296 

+ 1.370 

+ 0.1168 

10 

- 

4.643 

-3.248 

-1.057 

-0.1038 

+ 3.576 

+0.8937 

+ 1.451 

+0.0774 

0 

+ 22.55 

0 

+ 0.643 

0 

-10.29 

0 

+0.7660 

0 

i n 

II 










45 

+ 

6.463 

0 

+ 0.608 

-0.1511 

- 5.443 

0 

-0.8614 

+0.0899 

40 

+ 

5.541 

+ 1.688 

+0.369 

-0.1543 

- 4.617 

-1.379 

-0.6652 

+0.0937 

30 

- 

0.843 

+ 3.190 

-1.138 

-0.1700 

- 0.203 

-2.859 

+ 0.6257 

+ 0.1158 

20 

- 

8.160 

+0.555 

-2.324 

-0.1610 

+ 5.220 

-1.401 

+ 1.929 

+ 0.1250 

10 

- 

5.055 

-3.891 

-1.245 

-0.0955 

+ 4.276 

+ 1.728 

+ 1.762 

+ 0.0858 

0 

+ 25.47 

0 

+ 0.707 

0 

-14.77 

0 

+ 0.7071 

0 

/k=50 

: 









50 

+ 

6.626 

0 

+ 1.510 

-0.0742 

- 5.740 

0 

-1.603 

+0.0441 

40 

+ 

3.900 

+ 3.127 

+0.564 

-0.0969 

- 3.696 

-2.769 

-0.7707 

+0.0676 

30 

- 

2.878 

+ 3.516 

-1.463 

-0.1393 

+ 1.552 

-3.453 

+ 1.111 

+0.1158 

20 

- 

8.823 

+ 0.094 

-2.598 

+0.1467 

+ 6.637 

-1.072 

+ 2.491 

+0.1375 

10 

- 

4.273 

-4.274 

-1.262 

-0.0891 

+ 4.214 

+2.483 

+ 1.987 

+0.0953 

0 

+ 25.53 

0 

+ 0.766 

0 

-17.75 

0 

+0.6428 

0 





(k) r/t: 

=200 ud r/l=0.4 














30 

+ 

1.124 

0 

-2.479 

-0.2211 

- 2.625 

0 

+0.5943 

+0.0868 

20 

- 

3.463 

—0.295 

-2.481 

-0.1937 

- 0.066 

-0.9430 

+0.9092 

+0.0810 

10 

— 

5.528 

-3.468 

-1.407 

-0.1117 

+ 2.974 

+0.0700 

+ 1.194 

+0.0553 


0 +27.68 0 +0.500 0 - 6.899 


0 +0.8660 


0 
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Pus tressed Concrete Structures 


Table 7(a) ( Contd .) 

(A) (Conclude) 


Vertical Edge 

Load 


Horizontal Edge Load 


N * 




Nx 

N ,, 

N , 


a ) 

( 2 ) 

( 3 ) 

( 4 ) 

(5) 

( 6 ) 

(7) 

( 8 ) 

/*= 35 : 









35 

4 0.873 

0 

- 0.795 

- 0.1830 

- 4.932 

0 

- 0.0417 

4 - 0.0837 

30 

4 - 5.012 

4 - 1-712 

- 1.039 

- 0.1820 

- 3.951 

- 1.261 

+ 0.1374 

+ 0.0848 

20 

- G .203 

4 - 1.614 

- 2.206 

- 0.1647 

4 - 2.208 

- 1.889 

+ 1.153 

4 - 0.0862 

10 

- 9.087 

- 3.682 

- 1.633 

- 0.1001 

+ 5.303 

+ 0.6597 

4 - 1.536 

+ 0.0621 

0 

4 34.19 

0 

+ 0.574 

0 

- 13.36 

0 

+ 08192 

0 

> 

n 

O 









40 

+ 11.34 

0 

+ 0.768 

- 0.1216 

- 7.637 

0 

- 0.8602 

+ 0.0620 

30 

4 - 3.392 

4 4.247 

- 0.465 

- 0.1293 

- 2.992 

- 3.037 

4 - 0.0122 

+ 0.0723 

20 

— 10.20 

4 - 2.361 

- 2.620 

- 0.1409 

+ 5.333 

- 2.419 

4 - 1.731 

+ 0.0915 

10 

— 10.34 

- 4.580 

- 1.955 

- 0.0931 

4 - 6.841 

+ 1.629 

+ 1.957 

+ 0.0704 

0 

4 39.09 

0 

+ 0.643 

0 

- 19.78 

0 

+ 0.7660 

0 

/ K =45 









45 

4 - 9.707 

0 

+ 1.934 

- 0.0436 

- 7.229 

0 

- 1.692 

+ 0.0199 

40 

4 8.573 

4 2.572 

+ 1.567 

- 0.0513 

- 6.456 

- 1.911 

- 1.419 

+ 0.0264 

30 

- 0.227 

4 5.188 

- 0.825 

- 0.0982 

- 0.709 

- 4.101 

+ 0.4128 

+ 0.0678 

20 

— 11.70 

4 - 1.769 

- 3.045 

- 0.1296 

+ 7.382 

- 2.215 

+ 2.378 

+ 0.1027 

10 

- 9.060 

- 5.153 

- 2.000 

- 0.0887 

4 - 7.017 

+ 2.520 

+ 2.255 

+ 0.0800 

0 

4 * 38.68 

0 

+ 0.707 

0 

- 23.69 

0 

+ 0.7071 

0 

/k=50 

: 








50 

+ 7.414 

0 

+ 2.207 

+ 0.0042 

- 6.022 

0 

- 2.055 

- 0.0134 

40 

+ 4,947 

4 - 3,616 

+ 1.124 

- 0.0267 

- 4.389 

- 3.008 

- 1.161 

+ 0.0151 

30 

- 2.266 

4 4.540 

- 1.356 

- 0.0910 

+ 0.8355 

-4.146 

+ 0.9927 

+ 0.0776 

20 

- 10.69 

+ 0.849 

- 3.073 

- 0.1245 

+ 7.857 

-1.711 

+ 2.811 

+ 0.1179 

10 

- 7.142 

- 5.081 

- 1.774 

- 0.0835 

+ 6.637 

+ 3.045 

+ 2.378 

+ 0.0892 

0 

4-35.00 

0 

+ 0.766 

0 

- 25.44 

0 

+ 0.6428 

0 



Symmetrical Edge Loads 
Table 7(a) ( Conid .) 


2?r 


Vertical Edge Load ' Horizontal Edge Load 


/ N ‘ 




Nx 

N H 



(1) 

(2) 

(3) 

(+) 

(5) 

(6) 

(7) 

(8l 



(1) 

r/t=200 and 

r/l=0.5 





/k-30: 


30 

+ 6.908 

0 

-1.578 

-0.1695 

- 4.932 

0 

F 0.2325 

+0.0656 

20 

- 3.091 

+ 1.791 

-2.323 

-0.1564 

- 2.320 

-1.780 

+ 0.8452 

40,0654 

10 

-12.18 

-3.626 

-1.972 

-0.0957 

+ 5.663 

+ 0.128 

+ 1.422 

40.0492 

0 

+ 43.35 

0 

+ 0.500 

0 

-13.29 

0 

+0.8660 

0 

A=35; 









35 

-1 12.92 

0 

+0.520 

-0.1106 

- 7.760 

0 

-0.6687 

4 0.0486 

30 

+ 10.14 

+ 3.193 

+ 0.037 

-0.1151 

- 6.371 

-1.952 

-0.3803 

40.0518 

20 

- 8.763 

+ 4.022 

-2.425 

-0.1266 

+ 3.367 

-3.036 

-1.253 

40.0670 

10 

-16.09 

-4.484 

-2.447 

-0.0897 

+ 8.692 

+ 1.030 

+1.926 

+ 0.0564 

0 

+ 52.21 

0 

+ 0.574 

0 

-22.16 

0 

-0.8192 

0 

> 

ii 

4*- 

O 









40 

+ 13.93 

0 

+ 1.963 

-0.0443 

- 8.898 

0 

-1.529 

+0.0185 

30 

+ 5.361 

+ 5.888 

+0.146 

-0.0720 

- 4.097 

-3.897 

-0.3259 

+0.0398 

20 

-12.79 

+ 3.938 

-3.042 

-0.1129 

+ 6.622 

-3.303 

+ 1.951 

+0.0737 

10 

-15.31 

-5.476 

-2.659 

-0.0866 

+ 9.721 

+2.099 

+ 2.350 

+0.0645 

0 

+ 53.53 

0 

+ 0.643 

0 

-28.17 

0 

4 0.7660 

0 

> 

1! 

CJ1 









45 

+ 10.22 

0 

+2.435 

+0.0045 

- 7.196 

0 

-1.959 

-0.0106 

40 

+ 9.385 

+2.771 

+2.035 

-0.0052 

- 6.757 

-1.967 

-1.675 

-0.0034 

30 

+ 0.957 

+5.868 

-0.565 

-0.0616 

- 1.640 

-4.438 

+0.2286 

+0.0431 

20 

-12.61 

+2.686 

-3.298 

-0.1102 

+ 7.723 

-2.850 

+2.505 

+0.0881 

10 

— 12*52 

-5.653 

-2.457 

-0.0832 

+ 9.498 

+2.791 

+2.554 

+0.0750 


0 +48*96 0 


+0.707 


0 


-30.94 


0 +0.7071 


0 
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Table 7(a)— (ConUt.) 

(/) (Continued) 


Vertical Edge Load 


Horizontal Edge Load 

f Nx N I# N # 

(1) (2) (3) 

M, 

(4) 

Nx N # M, 

(5) (6) (7) (8) 


/itttSO : 


50 + 5.720 

0 

+2.151 +0.0279 

- 4.333 

0 

-1.931 

-0.0295 

40 -f- 5.105 

+ 3.070 

+ 1.265 -0.0015 

- 4.431 

-2.438 

-1.238 

-0.0037 

30 - 0025 

+4.652 

-1.014 - 0.0656 

- 1.252 

-4.161 

+ 0.6846 

+0.0569 

20 -10.40 

+ 1.897 

-3.112 -0.1093 

+ 7.442 

-2.639 

+2.813 

+0.1043 

10 -12.65 

-5.039 

-2.643 -0.0852 

+ 11.50 

+ 3.115 

+ 3.155 

+0.0913 

0 +42.10 

0 

+0.766 0 

-31.89 

0 

+ 0.6428 

0 

(m) r/t — 200 and r/l = 0,6 

/*»30 : 







30 +13.41 

0 

-0.550 -0.1215 

- 7.494 

0 

-0.177 

+ 0.0459 

20 - 2.95 

+ 4.174 

-2.106 -0.1221 

- 0.317 

-2.725 

+0.756 

+0.0512 

10 -19.88 

-3.751 

-2.624 -0.0B67 

+ 8.756 

+ 0.171 

+ 1.682 

+0.0443 

0 +61.86 

0 

+ 0.500 0 

-20.84 

0 

+0.866 

0 

/k-35 : 







35 +17.48 

0 

+ 1.581 -0.0576 

- 9.794 

0 

-1.155 

+0.0231 

30 +13.76 

+ 4.442 

+ 0.942 -0.0648 

- 8.004 

-2.520 

-0.794 

+ 0.0279 

20 -10.37 

+ 6.000 

-2.570 -0.0989 

+ 4.010 

-3.973 

+ 1.313 

+0.0531 

10 -22.33 

-5.090 

-3.136 -0.0827 

+ 11.70 

+ 1.270 

+2.252 

+0.0523 

0 +68.85 

0 

+ 0.574 0 

-30.32 

0 

+0.B19 

0 

/k«40: 







40 +14.46 

0 

+2.530 -0.0052 

- 8.900 

0 

-1.788 

-0.0029 

30 + 6.70 

+6.504 

+0.519 -0.0397 

- 4.840 

-4.143 

-0.527 

+0.0213 

20 —13.24 

+4.992 

-3.187 -0.0946 

+ 6.608 

-3.889 

+2.003 

+0.0630 

10 -19.32 

-5.810 

-3.114 -0.0812 

+ 12.10 

-+2*231 

+2.601 

+0.0616 

0 +65.23 

0 

+0.643 0 

-35.15 

0 

+0.766 

0 







Symmetrical Edge Loads 2 W 

Table 7(a)-(W.) 

(m) (Gonciudc) 


Vertical Edge Load Horizontal Edge Load 


/ 

N, 


n 4 

M 4 

Ni 

N,, 

N* 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

k —45 









15 

f 8.60 

0 

4-2.397 

4-0.0217 

- 5.729 

0 

-1.858 

-0.0205 

40 

4 8.15 

4-2.319 

4-2.068 

4-0.0133 

- 5.622 

-1.562 

-1.636 

-0.0140 

30 

f 2.60 

4-5.666 

-0.311 

-0.0418 

- 2.980 

-4.165 

4-0.041 

4 0.0293 

20 

-11.68 

4-3.500 

-3.237 

-0.0948 

+ 6.764 

-3.438 

4-2.416 

4-0.0759 

10 

-16.02 

-5.641 

-2.752 

-0.0772 

-412.12 

4-2.709 

4-2.752 

4-0.0695 

0 

4-58.53 

0 

4-0.707 

0 

-38.01 

0 

4-0.707 

0 

—50 









50 

4- 3.09 

0 

4-1.709 

4-0.0284 

- 1.816 

0 

-1.467 

-0.0273 

40 

4 * 4.42 

4-1.981 

4-1.179 

4-0.0063 

- 3.693 

-1.374 

-1.120 

-0.0084 

30 

4 - 2 57 

r 4.287 

-0.638 

-0.0476 

- 3.650 

-3.722 

4-0.325 

f 0.0406 

20 

- 9.53 

4-2.775 

-2.920 

-0.0908 

4- 6.372 

-3.425 

42.581 

4-0.0862 

10 

-14.34 

-5.142 

-2.383 

-0.0706 

4-13.11 

4 2.955 

4-2.877 

4-0.0757 

0 

4-53.46 

0 

4-0.766 

0 

-41.80 

0 

4-0.643 

0 


m 


Prestressed Concrete Structures 


Table 7(b)—S ymmetrical Edge Load on Simply 
Supported Cylindrical Shells 


Shear Edoe Load 


Edge Moment Load 


(a) Basic Formulas and Loading Diagrams 


Longitudinal Force N x — 

Sl [(l)’xCo,. ( 9)]sin 
Shearing Force — 

Sl X Col. (10) Jcos 
Transverse Force N +— 
SlxCoI. (11) X sin 
Transverse Moment M ^— 
Sl [r x Gol. (12) sin --- 


Longitudinal Force N x ~ 


71 x 

71 X 

l 


44+ 


^ _ , x Col. (13) 

Shearing Force Nx.j — 

Ml f l „ , .... 
- 1 — X Col. (14) 


' L r 


sm , 

1 cos iLa 

J / 


Transverse Force N +— 

—— x Col. (15) x sm 
Transverse Moment M +— 
Ml x Col. (16) X sin 211 


5 dLnS 



& 



s N* 

/ 

(9) 

(10) 

N, 

(11) 

M, 

(12) 

N* 

(13) 

(14) (15) 

(16) 



(b) r/t = 

100 and 

r/1 = 0.1 



^k=3Q : 







30 —0.0904 

0 

-0.0207 

-0.0010 

-0.0038 

0 +0.0008 

+ 0.9733 

20 -0.0396 

-0.0403 

-0.0081 

-0.0007 

4-0.0172 

+ 0.0021 4 0.0022 

+ 0.9767 

10 4 0.1118 

- 0.0250 

4 0.0142 

r 0.0002 

40.0264 

+ 0.0173 +0.0014 

+0.9854 

0 + 0.3600 

40.1000 

0 

0 

-0.1370 

0 0 

+ 1.000 

S^ K ~35 : 







35 —0.0774 

0 

-0.0243 

-0.0015 

-0.0310 

0 -0.0031 

+0.9642 

30 — 0.0694 

-0.0205 

-0.0213 

-0.0014 

-0.0211 

-0.0076 -0.0037 

+ 0.9650 

20 — 0.0054 

—0.0439 

-0.0015 

-0.0008 

4-0.0373 

-0.0013 +0.0040 

+ 0.9710 

10 f 0.1212 

-0.0149 

4 0.0185 

-0.0002 

4 0.0469 

+0.0251 4 0.0045 

+0.9823 

0 4*0.3076 

4*0.1000 

0 

0 

—0.2051 

0 0 

+ 1.000 
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Table 7(b)—( Conti .) 

;b) (Continued) 


Shear Edge Load Edge Moment Loao 


f N* 

9 

O) 

N,, 

(10) 

N 4 

(") 

(12) 

N* 

(13) 

(14) 

N # 

(15) 

M, 

(16) 

4=40: 

40 -0.0675 

0 

-0.0279 

-0.0022 

-0.0712 

0 

-0.0184 

+ 0.9530 

30 —0.0461 

-0.0331 

-0.0179 

-0.0018 

-0.0196 

-0.0293 

-0.0074 

+0.9570 

20 -4-0.0181 

-0.0423 

1 0.0054 

-0.0009 

+0.0815 

-0.0118 

+ 0.0112 

+ 0.9653 

10 fO.1236 

- 0.0057 

+ 0.0221 

-0.0002 

1 0.0724 

+ 0.0998 

+ 0.0106 

+ 0,9798 

0 +0.2682 

+ 0.1000 

0 

0 

-0.3099 

0 

0 

+ 1.000 

/ k=45 : 

45 -0.0596 

0 

-0.0315 

-0.0031 

-0.1280 

0 

-0.0437 

0.9392 

40 -0.0559 

-0.0160 

-0.0292 

-0.0030 

- 0.1102 

-0.0325 

-0.0385 

+ 0.9402 

30 -0.0258 

- 0.0398 

-0.0123 

-0.0022 

-40.0128 

-0.0642 

-0.0047 

-0.9469 

20 -f 0.0338 

-0.0389 

+ 0.0120 

-0.0010 

4 0.1523 

-0.0158 

+ 0.0277 

+ 0.9595 

10 +0.1222 

+ 0.0025 

+ 0.0250 

-0.0002 

+ 0.0981 

+ 0.0680 

+ 0.0212 

4 0.9771 

0 +0.2378 

1 0.1000 

0 

0 

-0.4613 

0 

0 

+ 1.000 

9 k=50 : 

50 -0.0531 

0 

-0.0350 

-0.0042 

-0.2048 

0 

-0.0885 

+ 0.9218 

40 -0.0423 

-0.0271 

-0.0268 

-0.0037 

-0.1192 

-0.0964 

-0.0573 

-J- 0.9258 

30 -0.0098 

-0.0424 

-0.0057 

-0.0025 

+0.0849 

-0.1086 

+0.0111 

+0.9371 

20 +0.0440 

-0.0340 

+ 0.0181 

-0.0010 

+0.2503 

-0.0099 

+0.0576 

+0.9337 

10 +0.1188 

+ 0.0077 

+ 0.0275 

-0.0002 

+0.1176 

+ 0.1119 

40.0373 

+0.9745 

0 +0.2138 

4 0.1000 

0 

0 

-0.6695 

0 

0 

+ 1.000 



<c) r/t 

= 100 and r/I=0.2 




/k=30: 

30 -0.1946 

0 

-0.0414 

-0.0005 

-0.549 

0 

-0.0813 

+0.9009 

20 - 0.0755 

-0.0776 

-0.0145 

0 

-0.073 

-0.2142 

-0,0153 

+ 0.9124 

10 +0.2208 

-0.0469 

+ 0,0287 

4-0.0009 

+0.557 

-0.0429 

+ 0.0568 

+0.9456 

0 +0.7 119 

+0.2000 

0 

0 

-1.067 

0 

0 

+ 1.000 
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Table 7(b) —( Contd .) 

(c) (Conclude) 


Shear Edge Load Edge Moment Load 



/ 

N, 


N, 


Nm 

N* 

N * 

M, 


(9) 

(10) 

(11) 

(12) 

(13) 

(14) 

(15) 

(16) 

/iu=35 : 










35 

—0.1437 

0 

-0.0458 

-0.0024 

-0.912 

0 

-0.1914 

+ 0.0637 


30 

-0.1334 

-0.0394 

-0.0401 

-0.0022 

-0.742 

-0.2343 

-0.1585 

4- 0.8669 


20 

-0.0106 

-0.0845 

-0.00 IB 

-0.0012 

4-0.327 

-0.3747 

-0.0315 

1 0.8914 


10 

4-0.2378 

-0.0280 

4-0,0369 

-0.0001 

4-0.928 

+ 0.0486 

+ 0.1212 

+ 0.9362 


0 

4-0.6159 

+ 0.2000 

0 

0 

-2.045 

0 

0 

+ 1.000 


*-40 : 










40 

-0.1273 

0 

-0.0525 

-0.0035 

-1.421 

0 

-0.3885 

+ 0.1856 


30 

-0.0880 

-0.0626 

-0.0335 

-0.0029 

-0.631 

-0.6461 

-0.2007 

4 0.8306 


20 

4 0.0323 

-0.0817 

4 0.0109 

-0.0013 

4 1.015 

-0.5396 

+ 0.1574 

+ 0.8707 


10 

f 0.2408 

-0.0111 

0.0434 

-0.0007 

4-1.316 

+ 0.2523 

+0.2259 

+ 0.9271 


0 

1 0.5460 

+ 0.2000 

0 

0 

-3.452 

0 

0 

■i 1.000 


—45 










45 

-0.1067 

0 

-0.0577 

-0.0050 

-2.074 

0 

-0.7365 

+0.7509 


40 

-0.0988 

-0.0287 

-0.0535 

-0.0048 

-1.828 

-0.5460 

-0.6582 

+0.7558 


30 

— 0.0506 

-0.0726 

-0.0228 

- 0.0034 

-0.116 

-1.138 

-0.1410 

+ 0.7920 


20 

4 0.0570 

-0.0737 

4-0.0224 

-0.0014 

+ 1.958 

-0.5987 

+ 0.3956 

+0.8510 


10 

4-0.2353 

4-0.0028 

4*0.0482 

0 

4 1.641 

+0.5811 

+ 0.3778 

+0.9196 


0 

4-0.4995 

4-0.2000 

0 

0 

- 5.299 

0 

0 

+ 1.000 

/. 

;®*50 










50 

-0,0848 

0 

-0.0601 

-0.0065 

-2.814 

0 

- 1.245 

+0.6613 


40 

-0.0714 

-0.0439 

—0.0468 

-0.0056 

-1.762 

-1.381 

-0.8336 

+0.6869 


30 

-0.0258 

- 0,0723 

-0.0113 

-0.0035 

+0.797 

-1.690 

+0.0859 

+ 0.7523 


20 

4 0.0664 

— 0.0639 

i- 0.0312 

-0.0013 

1-3.038 

-0.536 

4 0.7607 

+0.8338 


10 

4-0.2257 

* 0.0125 

4 0.0513 

0 

+ 1.811 

+ 1.083 

-0,5718 

-0.9154 


0 

4-0.4748 

4-0.2000 

0 

0 

-7.473 

0 

0 

+ 1.000 
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Table 7(b)— (Qmld,) 

Shear Edge Load Edge Moment Load 



N* 



M, 

N, 



M, 

(9) 

(10) 

do 

(12) 

(13) 

(14) 

(15) 

(16) 




(d) r/t 

= 100 and r/t-0 3 




> 

II 

U> 

o 

j 








30 

-0.2618 

0 

-0.0596 

-0.0024 

- 2.101 

0 

—0.3444 

40*7859 

20 

-0.1182 

-0.1174 

-0.0231 

-0.0016 

- 0.108 

-0.7669 

-0.0802 

40.8119 

10 

4 0.3251 

-0.0750 

-1-0.0421 

-0.0003 

4 2,372 

■! 0.0141 

! 0.1945 

4 0-8845 

0 

4-1.102 

40.3000 

0 

0 

- 5.456 

0 

0 

41.000 

/k=35 









35 

-0.2140 

0 

-0.0685 

-0.0036 

- 3.493 

0 

-0.7613 

40.7084 

30 

-0.1937 

-0.0568 

-0.0603 

-0.0033 

- 2.808 

-0.8945 

-0.6139 

40.7161 

20 

-0.0244 

-0.1248 

-0.0046 

-0.0018 

4 1.506 

-1.358 

40.1098 

40.7726 

10 

~|-0.3456 

-0.0471 

4-0.0535 

-0.0002 

4 3.764 

40.4236 

4 0.4372 

40.8689 

0 

40.9676 

40.3000 

0 

0 

- 9.403 

0 

0 

4 1.000 

9 

ii 

* 

: 








40 

-0.1668 

0 

-0.0736 

-0.0048 

- 5.193 

0 

-1.469 

40.6071 

30 

-0.1238 

-0.0837 

-0.0485 

-0.0039 

- 2.222 

-2.288 

-0.7475 

40.6444 

20 

40.0263 

-0.1164 

40.0125 

-0.0018 

4 3.993 

-1.809 

40.5716 

40.7382 

10 

40.3397 

-0.0252 

40.0611 

-0.0001 

4 5.004 

41.180 

40.7966 

40.8572 

0 

40.8934 

40.3000 

0 

0 

-14,38 

0 

0 

41.000 

iO 

II 

* 









45 

-0.1142 

0 

40.0719 

-0.0059 

- 6.844 

0 

-2.463 

40.4746 

40 

-01112 

-0.0310 

-0.0674 

-0.0056 

- 6.032 

-1.802 

-2.202 

40.4871 

30 

-0.0776 

-0.0851 

-0.0328 

-0.0040 

- 0.316 

-3.743 

-0.4779 

40.5768 

20 

-0.0382 

-0.1013 

40.0241 

-0.0016 

4 6.770 

-1.867 

41.312 

40.7124 

10 

40.3209 

-0.0128 

f 0.0645 

-0.0001 

4 5.696 

+2.250 

41.229 

40.8510 

0 

40.8743 

40.3000 

0 

0 

-19.61 

0 

0 

41.000 
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Table 7(b) — (Contd.) 

(d) (Continued) 


Shear Edge Load 


Edge Moment Load 




N* 

Nx, 

N, 


N* 

N* # 

N, 



(9) 

(10) 

(ID 

(12) 

(13) 

(14) 

(15) 

(16) 


~50 : 










50 

-0.0565 

0 

-0.0611 

-0.0063 

- 7.871 

0 

-3.553 

+0.3153 


40 

-0.0651 

-0.0327 

-0.0514 

— 0.0056 

- 4.994 

-3.782 

-2.394 

r4 

CD 

O 


30 

-0.0643 

-0.0700 

-0.0208 

-0.0036 

+ 2.207 

-4.666 

+ 0.2204 

H 0.5257 


20 

+ 0.0214 

-0.0879 

+ 0.0276 

-0.0013 

+ 8.917 

-1.422 

4-2.171 

1-0.6905 


10 

+0,3005 

-0.0113 

+0.0639 

+0.0002 

+ 5.588 

+ 3.317 

+ 1.625 

+ 0.8508 


0 

+0.8992 

+0.3000 

0 

0 

-23.76 

0 

0 

+ 1.000 





(e) r 

/t = 100 and r/t = 0.4 





atx30 










30 

-0.3318 

0 

-0.0772 

-0.0028 

- 5.33 

0 

-0.879 

+ 0.6558 


20 

-0.1568 

-0.1503 

-0.0304 

-0.0019 

- 0.14 

-1.920 

-0.196 

+ 0.6995 


10 

+ 0.4153 

-0.0998 

+ 0.0545 

-0.0003 

+ 6.27 

-f 0.187 

+ 0.502 

+ 0.8169 


0 

+ 1.508 

-4-0.4000 

0 

0 

- 15.27 

0 

0 

+1.000 

/« 

35 










35 

-0.2518 

0 

-0.0842 

-0.0040 

- 8.48 

0 

-1.890 

+ 0.5364 


30 

-0.2316 

-0.0672 

-0.0746 

-0.0037 

- 6.82 

-2.173 

-1.574 

+0.5500 


20 

-0.0480 

-0.1540 

-0.0073 

-0.0019 

+ 3.69 

-3.300 

+0.248 

+0.6463 


10 

+0.4268 

-0.0671 

+0.0673 

-0.0001 

+ 9.37 

+ 1.106 

+ 1.064 

+ 0.8000 


0 

+ 1.373 

+0.4000 

0 

0 

-23.99 

0 

0 

+ 1.000 


&333 40 










40 

-0.1542 

0 

-0.0818 

-0,0049 

-11.15 

0 

-3.211 

+ 0.3896 


30 

-0.1315 

-0.0851 

-0.0567 

-0.0039 

- 4.83 

-4.920 

-0.164 

+0.4541 


20 

+0,0023 

-0,1351 

+0.0099 

-0.0017 

+ 8.71 

-3.904 

+ 1.250 

+0.6098 


10 

+0,4228 

-0.0471 

+0.0728 

0 

+11.30 

+ 2.733 

+ 1.764 

+0.7918 


0 

+ 1,368 

+0.4000 

0 

0 

-33.39 

0 

0 

+ 1,000 
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Table 7(b)—(CoftfJ.) 

(e) (Continued) 




Shear Edge Load 


Edge Moment Load 


f 

N* 



M, 

N* 

N ** 




(9) 

(10), 

(id 

(12) 

(13) 

(H) 

(15) 

(16) 

/k 

=45 










45 

-0.0653 

0 

-0.0657 

-0.0051 

- 12.50 

0 

-4.647 

+0.221Q 


40 

-0.0723 

-0.0186 

-0.0630 

-0.0049 

-11.09 

-3.299 

-4.168 

+0.2412 


30 

-0.1030 

-0.0673 

-0.0384 

-0.0035 

- 0.92 

-6.970 

-0.971 

+0.3846 


20 

-0.0344 

-0.1142 

+0.0158 

-0.0013 

[-12.56 

-3.637 

{-2.441 

+0.5941 


10 

-1 -0.3651 

- 0.0449 

+0.0716 

+0.0003 

+ 11.51 

+ 4.262 

+ 2.363 

+0.7936 


0 

+ 1.388 

+ 0.4000 

0 

0 

-39.59 

0 

0 

+ 1.000 

/k 

=50 










50 

+ 0.0216 

0 

-0.0395 

-0.0045 

-11.45 

0 

-5.493 

10.0676 


40 

-0.0276 

+ 0.0025 

-0.0408 

-0.00*11 

- 7.65 

-4.182 

-3.773 

+0,1539 


30 

-0.1165 

-0.0382 

-0.0313 

-0.0029 

+ 2 61 

-3.745 

-[-0.216 

+0.3394 


20 

-0.0779 

-0.1025 

+ 0.0109 

-0.0010 

+ 13.82 

-1.157 

+ 3.391 

+0.5981 


10 

+ 0.3428 

-0.05H 

i 0.0667 

+ 0.0003 

! 10.19 

+5.359 

4 2.668 

+ 0.7998 


0 

+ 1.459 

+ 0.4000 

0 

0 

-41.80 

0 

0 

+ 1.000 

(f) r/t = 100*nnd r/l=0.5 

/k 

=30 










30 

-0.3849 

0 

-0.0912 

-0.0030 

-10.64 

0 

-1.779 

+03185 


20 

-0.1963 

-0.1773 

-0.0368 

-0.0020 

- 0.48 

-3.877 

-0.421 

+0.5825 


10 

+ 0.4854 

-0.1263 

+ 0.0654 

-0.0002 

+ 12.53 

+ 0.236 

4-0.998" 

+ 0.7480 


0 

+ 1.964 

+ 0 5000 

0 

0 

-30.35 

0 

0 

+ 1.000 


=35 










35 

-0.2558 

0 

-0.0962 

-0.0039 

-14.99 

0 

-3.345 

+0,3692 


30 

-0.2428 

-0.0837 

-0.0875 

-0.0037 

—12.12 

-4.668 

-2.786 

+0,3888 


20 

-0.0879 

-0.1706 

-0.0227 

— 0.0018 

+ 6.40 

-5.907 

+0.453 

+0.5286 


10 

+0.4733 

-0.0921 

+0.0629 

4-0.0000 

+ 17.12 

+ 1.978 

+ 1.931 

+0.7345 


0 

+ 1.867 

+0.5000 

0 

0 

-44.56 

0 

0 

+ 1.000 
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Table 7(b) —( Contd L) 

if) (Continued) 


Shear Edge Load Edge Moment Load 


f 

N* 

Nk, 



Nx 

N*4 

N 4 


(9) 

(10) 

cm 

(12) 

(13) 

(14) 

(15) 

(16) 

/k-40 









40 

-0.1143 

0 

-0.0775 

-0.0034 

-17.17 

0 

-5.060 

+ 0.2033 

30 

-0.1408 

-0.0683 

-0.0585 

-0.0034 

- 7.86 

-7.678 

-2.645 

+0.2912 

20 

-0.0853 

-0.1408 

+0.0027 

-0.0014 

+ 13.14 

-6.372 

+ 1.904 

-i 0.5001 

10 

1-0.4218 

-0.0802 

+ 0.0780 

+ 0.0003 

+ 38.72 

+ 4.129 

+2.821 

+0.7347 

0 

k~45 

+ 1.000 

+ 0.5000 

0 

0 

-54.72 

0 

0 

+ 1.000 

45 

+ 0.0153 

0 

-0.0477 

-0.0038 

-15.73 

0 

-6.128 

+ 0.0523 

40 

-0.0054 

+ 0.0023 

-0.0480 

-0.0037 

-14.17 

-4.167 

-5.525 

1 0.0765 

30 

-0.1266 

-0.0318 

-0.0417 

-0.0028 

- 2.11 

-9.122 

-1.418 

+ 0.2407 

20 

-0.1395 

-0.1180 

+0.0012 

-0.0011 

+ 16.12 

-5.253 

+ 3.200 

+0.5015 

10 

+ 0.3807 

-0.0882 

+0.0726 

+ 0.0003 

+ 17.30 

+5.658 

+ 3.294 

+ 0.7426 

0 

+ 2.002 

+ 0.5000 

0 

0 

-58.57 

0 

0 

+ 1.000 

/k=50 









50 

+ 0.1028 

0 

-0.0139 

-0.0027 

-11.38 

0 

-6.094 

- 0.0520 

40 

+ 0.0147 

1-0.0398 

-0.0269 

-0.0027 

- 8.59 

-5.742 

-4.363 

+ 0.0339 

30 

-0.1664 

-0.0015 

-0,0410 

-0.0022 

+ 0.92 

-8.235 

-0.093 

+0.2533 

20 

-0.1868 

-0.1144 

-0.0079 

-0.0010 

+ 15,24 

-3.756 

+3.776 

+0.5154 

10 

+ 0.3719 

-0.1018 

+ 0.0671 

+ 0.0003 

+ 14.96 

+6.079 

+3.305 

+0.7497 

0 

+2.065 

+0.5000 

0 

0 

-56.51 

0 

0 

+ 1.000 




(g) r/t 

=*100 AAdr/l=0.6 




/ K *»30 









30 

-0.4130 

0 

-0.1015 

-0.0031 

-17.24 

0 

-2.909 

+0.3912 

20 

-0.2349 

-0.1448 

-0.0424 

-0.0010 

- 0.99 

-6.327 

-0.707 

+0.4746 

10 

+0.5284 

—0,1530 

+0.0739 

-0.0001 

+ 16.89 

+0.297 

+ 1.631 

+0.6844 

0 

+2.481 

+ 0.6000 

0 

0 

-50.48 

0 

0 

+1.000 
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Table 7(b)—(Cwrfrf.) 

(g) (Conclude) 


Shear Edge Load Edof. Moment Load 


V N * 


N* 



Mg 

9 

(9) 

(10) 

(11) (12) (13) 

(14) 

(15) 

(16) 

+=35 : 






35 -0.2245 

0 

-0.0937 -0.0036 -21.54 

0 

-4.900 

+0.2286 

30 -0.2258 

-0.0617 

-0.0849 -0.0034 -17.56 

-5,539 

-4.097 

+ 0.2534 

20 -0.1434 

—0.1738 

-0.0163 -0.0014 + 8.78 

-8.709 

+ 0.609 

+0.4257 

10 + 0.4825 

-0.1215 

+ 0.0821 +0.0005 +25.70 

+ 2.778 

+ 2.064 

+0.6789 

0 +2.453 

+ 0.6000 

0 0 -67.87 

0 

0 

+ 1.000 

ii 

4- 

O 






40 -0.0378 

0 

-0.0653 -0.0034 -20.91 

0 

-6.413 

+ 0.0741 

30 -0.1275 

-0.0385 

-0.0561 -0.0020 -10.34 

— 9.508 

-3,449 

4-0.1748 

20 -0.1799 

-0.1354 

-0.0078 -0.0012 +16.02 

- 8.383 

2.316 

+ 0.4147 

10 +0.4136 

-0.1192 

+ 0.0787 -1-0.0004 +25.53 

4 5.071 

+ 3.686 

+ 0.6842 

0 4 2.558 

+ 0.6000 

0 0 -75.81 

0 

0 

+ 1.000 

/ k =45 : 






45 +0.1009 

0 

-0.0267 -0.0026 -15.56 

0 

-6.655 

-0.0364 

40 +0.0669 

+0.0245 

-0.0302 -0.0025 -14.36 

-4.156 

-6.057 

-0.0122 

30 -0.1460 

+ 0.0082 

-0.0439 -0.0022 - 3.96 

— 9.685 

-1.817 

+0.1633 

20 -0.2510 

-0.1174 

—0.0148 - 0.0010 -1 16.43 

-6.537 

+3.383 

4 0.4285 

10 +0.3813 

-0.1339 

+0.0714 +0.0004 +22.53 

+ 6.087 

+ 3.873 

+0.6947 

0 +2.659 

+ 0.6000 

0 0 -74.68 

0 

0 

+ 1.000 

J?k=50 : 






50 +0.1678 

0 

+0.0073 -0.0015 - 8 26 

0 

-5.666 

-0.0950 

40 +0.0523 

+0.0699 

-0.0151 -0.0017 - 8.00 

-4.483 

-4.344 

-0.0164 

30 —0.2030 

+0.0305 

-0.0491 -0.0018 - 1-93 

-7.812 

-0.623 

+0.1835 

20 -0.2862 

-0.1225 

-0.0245 -0.0010 +13.86 

— 5.044 

+3.549 

+0.4425 

10 +0.3899 

-0.1463 

+0.0675 + 0.0003 +20.05 

+5.942 

+3.658 

+0.6986 

0 +2.688 

+0.6000 

0 0 -70.37 

0 

0 

+ 1.000 
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Table 7(b)— (Contd.) 


Shear Edge Load Edge Moment Load 


/ 

N. N, # 

(9) (10) 

N, 

(11) 

M* 

(12) 

N* 

(13) 

N,, 

(14) 

(15) 

(16) 



(k) r/t 

= 200 and 

p/l=0.1 




/*=»30 








30 

-0.0905 0 

-0.0207 

-0.0009 

- 0.1005 

0 

-0.0164 

+0.9730 

20 

-0.0397 -0.0403 

-0.0080 

-0.0006 

+ 0.0123 

-0.0332 

-0.0024 

+0.9761 

10 

J-0.1117 -0.0251 

+ 0.0142 

-0.0002 

+ 0.1340 

+ 0.0177 

‘0.0099 

+ 0.9852 

0 

4 0.3604 i 0.1000 

0 

0 

- 0.3 807 

0 

0 

+ 1.000 

> 

ii 

■u) 








35 

-0.0773 0 

-0.0243 

-0.0015 

-0.2044 

0 

-0.0435 

+0.9623 

30 

-0.0693 -0.0205 

-0.0212 

-0.0014 

-0.1601 

-0.0520 

-0.0356 

+0.9632 

20 

-0.0055 -0.0439 

-0.0015 

-0.0008 

+0.1134 

-0.0710 

+0.0090 

! 0.9700 

10 

+ 0.1211 -0.0150 

+ 0.0185 

-0.0002 

+0.2305 

4-0.0464 

+ 0.0256 

4-0.9823 

0 

4-0.3082 +0.1000 

0 

0 

-0.6605 

0 

0 

+ 1.000 

^k»40 








40 

-0.0670 0 

-0.0278 

-0.0022 

-0.3607 

0 

-0.1000 

+ 0.9476 

30 

-0.045B -0.0329 

-0.0178 

-0.0018 

-0.1407 

-0.1563 

-0.0487 

+0.9521 

20 

+0.0177 -0.0425 

+0.0054 

-0.0009 

+0.3060 

-0.1102 

+0.0428 

+0.9635 

10 

+ 0.1231 -0.0058 

+ 0.0220 

-0.0002 

+ 0.3419 

+0.1068 

+0.0540 

+0.9795 

0 

+0.2696 + 0.1000 

0 

0 

-1.083 

0 

0 

+ 1.000 

j^ic«=45 

: 







45 

-0.0585 0 

-0.0311 

-0.0031 

-0.5815 

0 

-0.2039 

+0.9270 

40 

-0.0549 -0.0127 

-0.0288 

-0.0030 

-0.5076 

-0.1526 

-0.1817 

+0.9284 

30 

-0.0259 -0.0392 

-0.0122 

-0.0021 

+0.0014 

-0.3085 

-0.0344 

+0.9392 

20 

+0,0326 -0.0387 

+0.0118 

-0.0010 

+0.5987 

-0.1323 

+0.1135 

40.9566 

JO 

+0.1213 +0.0021 

+0.0248 

-0.0002 

+ 0.4491 

+0.2141 

+0.0996 

+0.9768 

0 

+0.2407 + 0.1000 

0 

0 

— 1.684 

0 

0 

+1,000 
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Table 7(b)—(Cwifrf.) 

(h ) (Continued) 


Shear Edge Load Edge Moment Load 



/ 

N* 

N, # 

** 

M # 

Nx 

N,, 

N, 



(9) 

(10) 

cl) 

(12) 

(13) 

(14) 

(15) 

(16) 

/k 

- 50 : 










50 

— 0.0506 

0 

+0.0340 

-0.0041 

-0.8725 

0 

-0.3803 

4-0.8948 


40 

-0.0408 

-0.0260 

-0.0262 

-0.0036 

-0.5294 

-0.4145 

-0.2512 

+ 0.9030 


30 

-0.0107 

-0.0411 

-0.0176 

-0.0024 

+0.2947 

-0.4901 

4 0 0344 

f* 0.9238 


20 

+ 0.0369 

-0 0337 

} 0.0174 

-0.0010 

4-0.9856 

-0.1131 

4-0.2362 

4*0.9497 


10 

4 0.1175 

4 0 0087 

+ 0.0271 

-0.0001 

4-0.5268 

+ 0.3830 

+0.1664 

4 0,9741 


0 

+ 0.2199 

+0.1000 

0 

0 

-2.487 

0 

0 

+ 1.000 





(1) r Jt 

= 200 and 

r/l = 0.2 




/k 

= 30 










30 

-0.1770 

0 

-0.0407 

-0.0017 

-1.972 

0 

-0.3043 

40.8904 


20 

-0.0792 

-0.0792 

-0.0160 

-0.0012 

-0.154 

-0.7298 

-0.0618 

+ 0,9051 


10 

+ 0.2192 

-0.0502 

A: 0.0279 

-0.0003 

+ 2.142 

4 0.0427 

+0.1925 

+0.9435 


0 

+ 0.7297 

+0.2000 

0 

0 

-4.639 

0 

0 

+ 1.000 

/k 

= 35 










35 

-0.1455 

0 

-0.0466 

-0.0027 

- 3.344 

0 

-0,7035 

+0.8373 


30 

-0.1313 

-0.0386 

-0.0410 

-0.0025 

- 2.696 

-0.8582 

-0.5812 

+0.8425 


20 

-00150 

-0.0842 

-0.0033 

-0.0014 

4- 1.373 

-1.319 

+0^1200 

+0.8787 


10 

+ 0.2331 

—0.0309 

+0.0358 

-0.0002 

+ 3.519 

+ 0.3350 

+0.4303 

+0.9335 


0 

+0.6376 

+0,2000 

0 

0 

- 8.444 

0 

0 

+ 1.000 

/k 

=40 

: 









40 

-0 1144 

0 

-0.0503 

-0.0037 

- 5,147 

0 

— 1,422 

+0.7549 


30 

-0.0838 

-0.0572 

-0.0331 

-0.0030 

- 2.213 

-2.270 

—0*7127 

+0,7838 


20 

+0.0202 

-0.0785 

+0.0084 

-0.0015 

+ 3.880 

-1.816 

+0.5816 

+04519 


10 

+0.2295 

-0.0158 

+0.0411 

-0.0002 

+ 4.849 

+ 1.085 

+0.8003 

+0.9255 


0 

+0.5858 

+0.2000 

0 

0 

- 13.55 

0 

0 

+1.000 
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Table 7(b)— (Contd.) 

( i ) (Continued) 


Shear Edge Load 


Edge Moment Load 

. N» 

/ 

(9) 

N*4 

(10) 

N* 

(ID 

(12) 

N. 

(13) 

N, # 

(14) 

N, 

(15) 

M, 

(16) 

/k=45 : 

45 -0.0793 

0 

-0.0494 

-0.0047 

- 7.076 

0 

-2.500 

+ 0.6266 

40 -0.0769 

-0 0215 

-0.0462 

-0.0045 

- 6.231 

-1.862 

-2.231 

+0.6378 

30 -0.0516 

-0.0642 

-0.0223 

-0.0032 

- 0.316 

-2.536 

-0.5827 

+ 0.7167 

20 4 0.0289 

-0.0681 

+0.0165 

-0.0014 

+ 6.897 

-1.941 

! 1.367 

+0.8267 

10 +0.2164 

-0.0071 

+ 0.0436 

-0.0001 

+ 5.700 

-! 2.201 

+ 1.273 

+0.9200 

0 +0.5724 

+ 0.2000 

0 

0 

-19.32 

0 

0 

+ 1.000 

/*=••• 50: 

50 -0.0395 

0 

-0.0419 

-0.0052 

- 8.502 

0 

-3.770 

+0.4461 

40 -0.0445 

-0.0226 

-0.0351 

-0.0046 

- 5.350 

-4.060 

-2.523 

+0.5106 

30 -0.0420 

-0.0476 

-0.0140 

-0.0031 

+ 2.433 

-4.983 

+ 0 2750 

+0.6671 

20 +0.0168 

-0.0585 

+ 0.0187 

-0.0013 

4- 9.459 

-1.527 

+2.336 

+0.8314 

10 +0.2016 

-0.0062 

+0.0428 

-0.0001 

+ 5.734 

+ 3.392 

+ 1.737 

+ 0.9393 

0 +0.5914 

+ 0.2000 

0 

0 

-24.30 

0 

0 

+ 1.000 



(J) *!*■ 

-200 and 

r/l = 0.3 




/k=30 : 

30 -0.2481 

0 

-0.0585 

-0.0023 

- 8.01 

0 ’ 

-1.251 

+0.7583 

20 -0.1187 

-0.0759 

-0.0236 

-0.0916 

- 0.32 

-2.906 

-0.242 

+0.7953 

10 + 0.3098 

-0.1126 

+ 0.0402 

-0.0003 

+ 9.20 

+ 0.158 

+0707 

+0.8828 

0 +1.138 

+0.3000 

0 

0 

-21.66 

0 

0 

+ 1.000 

/*=35 : 

35 —0.1777 

0 

-0.0616 

-0.0033 

-12.73 

0 

+ 2.708 

+0.6320 

30 -0.1650 

-0.0475 

-0 0548 

-0.0031 

-10.23 

-3.260 

- 2.236 

+0.6464 

20 -0.0418 

—0.1115 

-0.0066 

-0.0017 

+ 5.57 

-4.934 

+ 0.474 

+0.7427 

to +0*3091 

-0.0522 

+0.0487 

-0.0002 

+ 13.92 

+1.650 

+ 1.650 

+0.8689 

0 +1*058 

+0.3000 

0 

0 

-35.32 

0 

0 

+ 1.000 
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Table 7(b)— (Contd.) 

( j ) (Continued) 


m 


Shear Edge Load Edge Moment Load 


f N, 

(9) 

(10) (II) 

(12) 


N* 

(13) 

Nx, 

(1*) 


(15) 

M, 

(16) 

/k-40 : 









40 -0.0958 

0 -0.0550 

-0,0039 

- 

16.80 

0 

- 

4,723 

! 0*4470 

30 -0.0958 

-0.0529 -0.0397 

-0.0032 

- 

7.30 

- 7.430 

- 

2.380 

t-0.5253 

20 -0.0298 

-0.0936 4 0.0040 

-0.0016 

+ 

12.97 

- 5.929 

+ 

1,932 

+0.6997 

10 -r 0.2786 

-0.0416 +0.0506 

-0.0001 

+ 

16.75 

f 3.932 

+ 

2.673 

+0.8621 

0 +1.069 

+0.3000 0 

0 

- 

48.57 

0 


0 

-i 1.000 

> 

II 

4*. 

Ui 









45 -0.0114 

0 -0.0370 

-0.0038 

- 

17.92 

0 

- 

6.551 

1 0.2280 

40 -0.0214 

-0,0039 -0.0364 

-0.0037 

- 

15.90 

- 4.718 

- 

5.866 

0.2542 

30 -0.0772 

-0.0304 -0.0273 

-0.0028 


1.34 

- 9.994 

- 

1.292 

1 0.4354 

20 -0.0627 

-0.0765 +0.0042 

-0.0013 

I- 

17.97 

- 5.233 


3.575 

+0.6795 

10 + 0.2474 

-0.0456 +0 0471 

-0.0000 

+ 

16.41 

{- 6.050 

+ 

3.437 

+ 0.8640 

0 +1.134 

+ 0.3000 0 

0 

- 

56.01 

0 


0 

■\ 1.000 

/k=50 : 









50 +0.0544 

0 -0.0135 

-0.0031 

- 

15.39 

0 

- 

7.343 

+0.0368 

40 +0.0026 

+0.0201 -0.0201 

-0.0029 

- 

10.44 

- 7.529 

- 

5.048 

+0.1442 

30 -0.1000 

-0.0070 -0.0234 

-0.0023 

+ 

3.25 

- 9.817 

+ 

0.304 

+0,4060 

20 -0.1008 

-0.0715 -0.0025 

-0.0011 

+ 

18.60 

- 3.576 

+ 

4.612 

+0.6832 

10 +0.2354 

-0.0563 f 0.0424 

-0.0000 

-j- 

14.04 

+ 7,094 

4* 

3.666 

+0,8700 

0 +1.193 

+ 0.3000 0 

0 

- 

56.30 

0 


0 

+ 1.000 


(k) rlt 

-200 and 

r/l 

-0.4 





/*==30 : 









30 -0.2847 

0 -0.0710 

-0.0026 

- 

20.19 

0 

- 

3.173 

+0.5913 

20 -<M5$3 

-0.1339 -0.0302 

-0.0018 

- 

0.87 

- 7.343 

- 

0.619 

4 0.6619 

10 +0.3622 

-0.1029 +0.0493 

-0.0003 

+ 

23.57 ; 

+ 0.435 

+ 

1.999 

+0.8155 

0 +1.634 

+0*4000 0 

0 

- 

56.52 

0 


0 

+ 1.000 
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Table 7(b)—( Contd .) 

(k) (Conclude) 


Shear Edoe Load Edge Moment Load 


/ 

N» 

(9) 

N, # N # 

(10) (11) 

(12) 


N* 

(13) 

(14) 

(15) 

M, 

(16) 

/k.= 35 










35 

-0.1462 

0 -0.0635 

-0.0032 

- 

27.50 

0 

- 

5.935 

+0.3911 

30 

-0.1482 

-0.0403 -0.0577 

-0.0030 

- 

22.24 

- 7.055 

- 

4.913 

40.4179 

20 

-0.0986 

-0.1152 -0.0124 

-0.0017 

4 

11.73 

-10.85 

4 

1.001 

40.5937 

10 

4-0.3204 

-0.0822 4-0.0539 

- 0.0001 

4 

31.27 

4 3.583 

1- 

3.651 

40.8049 

0 

4-1.639 

40.4000 0 

0 

- 

80.78 

0 


0 

41.000 

/k-40 










40 

+ 0.0319 

0 -0.0448 

-0.0032 

- 

32.54 

0 

- 

8.301 

40.2027 

30 

-0.0781 

-0.0171 -0.0365 

-0.0026 

- 

13.32 

-12.80 

- 

4.292 

40.2888 

20 

-0.1367 

-0.0848 -0.0086 

-0.0014 

4- 

21.73 

-10.76 

4 

3.315 

40.5642 

10 

4-0.2620 

-0.0845 0.0492 

-0.0000 

4 

31.74 

4 6.881 

4 

4.858 

40.B083 

0 

4-1.744 

4-0.4000 0 

0 

- 

92.98 

0 


0 

41.000 

/k-45 










45 

4-0.0957 

0 -0.0099 

-0.0065 

- 

22.45 

0 

- 

8.938 

-0.0169 

40 

4-0.0691 

4 0.0238 -0.0133 

-0.0043 

- 

20.42 

- 5.970 

- 

8.074 

40.0165 

30 

-0.0987 

40.0199 -0.0292 

-0.0020 

- 

4.08 

-13.43 

- 

2.116 

40.2506 

20 

-0,1953 

-0.0728 -0 0161 

-0.0012 

4 

23.35 

- 8 260 

4 

4.819 

40.5714 

10 

-! 0.2396 

-0.0981 4 0.0429 

-0.0000 

4 

27.40 

4 8.293 

4 

5.115 

40.8168 

0 

4 1.826 

4 0.4000 0 

0 

- 

91.16 

0 


0 

41-000 

/k=50 

: 









50 

4-0.1395 

0 40.0147 

-0.0013 

- 

13.14 

0 

- 

7.852 

-0.1157 

40 

4-0.0505 

40.0598 - 0.0042 

-0.0015 

- 

11.30 

- 6.932 

- 

5.801 

-0.0061 

30 

-0.1446 

40 0347 -0.0352 

-0.0017 

- 

1.18 

-10.95 

- 

0.390 

40.2725 

20 

-0.2195 

-0.0793 - 0 0240 

-0 0011 

4 

19.84 

- 6.154 

4 5.079 

40.5B92 

10 

-4-0.2513 

-0.1076 40.0402 

40.0001 

4 

23.56 

4 7.944 

4 

4.801 

40 8219 

0 

4-1.840 

40.4000 0 

0 

— 

84.42 

O 


0 

41.000 



Symmetrical Edge Loads 
Table 7(b)— (Conti.) 


Shear Edge Load 


Edge Moment Load 


Nx 

Nx, 

N, 

m 4 

Nx 

Nx, 

N, 

M, 

(9) 

(10) 

(ID 

(12) 

(13) 

(14) 

(15) 

(16) 


(I) r/t = 200 and r/1—0.5 


/k-30 : 

3Q —0.2715 0 —0.0759 —0.0026 — 36.86 0 

20 —0.1974 —0.1375 —0.0355 —0.0018 — 2.00 —13.49 

10 +0.3600 -0.1314 +0.05366 -0.0002 + 43.95 + 0.71 

0 +2.253 +0.5000 0 0 -107.5 0 

/k=35 : 

35 + 0.0566 0 -0.0520 -0.0027 - 41.17 0 

30 -0.0847 -0.0181 -0.0505 -0.0025 - 33.79 -10.62 

90 -0 1B18 -0.0966 -0.0204 -0,0015 6 16.53 -16.90 


- 0.0025 - 33.79 -10.62 


20 -0.1818 -0.0966 -0.0204 -u.uuio i - 

10 +0.2700 —0.1200 +0.0516 -0.0001 + 50.25 + 5.26 

0 +2.374 +0.5000 0 0 -132.8 0 

/k=40 : 

40 +0.1093 0 -0.0175 -0.0020 - 32.96 0 

30 -0.0475 +0.0298 -0.0294 -0.0019 - 17.70 -15.29 

20 -0.2613 -0.0652 -0.0242 -0.0012 + 24.15 -14.33 

10 +0.2136 -0.1319 +0.0433 -0.0000 + 44.95 + 8.13 

0 +2.509 +0.5000 0 0 -133.2 0 

/k=45 : 

45 + 0.1830 0 + 0-0132 -0.0011 - 18.31 0 

40 +0.1446 +0.0466 + 0.0066 - 0.0012 - 17.78 - 4.98 

30 -0.1100 + 0 0637 - 0.0303 - 0.0014 - 8.90 -13.02 

20 -0.3155 - 0.0676 - 0.0341 -0.0011 + 20.73 -10.69 

,0 +0.2211 -0.1467 + 0.0389 - 0.0001 + 38.31 + 8.33 

0 +2.539 +0.5000 0 0 -123.1 0 


-0.0012 + 24.15 -14.33 

-0.0000 + 44.95 + 8.13 

0 -133.2 0 


-0.0011 - 18.31 
-0.0012 - 17.78 
-0.0014 - 8.90 


0 

- 4.90 
-13.02 


- 5.858 +0.4164 

- 1.174 +0.5258 
+ 3.711 -10.7505 

0 +1.000 

- 9.1BI +0.1851 

- 7.611 +0.2222 
1.429 4 0.4668 

+ 5.747 +0.7504 

0 +1.000 

-10.30 -0.0072 

- 5.506 +0.1389 
+ 3.905 + 0.4633 
+ 6.422 + 0-7611 

0 +1.000 

- 8.981 -0.1089 

- 8.263 -0,0771 

- 2.879 +0,1523 
4 4.696 +0.4876 
+ 6 068 +0.7681 

0 +L000 


0 
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Table 7(b)—( Contd .) 

(/) (Continued) 


Shear Edge Load Edge Moment Load 



N* 

(9) 

Nx, 

(10) 

N, 

(11) 

m 4 

02) 

Njc 

(13) 

N I# 

(H) 


(15) 

(16) 











50 

4 0.1739 

0 

40.0295 

40.0002 

- 4.66 

0 

- 

6.575 

-0.1404 

40 

-| 0.0786 

40.0777 

40.0054 

-0.0007 

- 9.77 

- 3.60 

- 

5.629 

-0.0518 

30 

—0.1578 

40.0593 

-0.0387 

-0.0013 

- 10.31 

- 9.96 

- 

1.682 

40.1945 

20 

-0.2949 

-0.0794 

-0.0364 

— 0.001 1 

4 16.18 

- 9.65 

4 

4.675 

40.5157 

10 

40.2141 

-0.1221 

4 0.0366 

-0 0000 

4 41.78 

4 9.30 


7,575 

40.8127 

0 

42.441 

40.5000 

0 

0 

-116.1 

0 


0 

41.000 




(na) 

r/t=200 and r/I=0.6 




/k=30 










30 

-0.2086 

0 

-0.0732 

-0.0024 

- 53.95 

0 

- 

8.721 

40.2589 

20 

-0.2355 

-0.1233 

-0.0394 

-0.0016 

- 4.01 

-20.04 

- 

1.828 

40.4042 

10 

40.3019 

-0.1613 

40.0532 

-0.0001 

4 66.27 

4 0.71 

4 

5.559 

40.6931 

0 

43.003 

40.6000 

0 

0 

-166.4 

0 


0 

41.000 

/k-35 










35 

40.0614 

0 

-0.0363 

-0.0020 

- 48.68 

G 

- 

11.31 

40.0433 

30 

40.0019 

40.0113 

-0.0381 

-0.0020 

- 40.77 

-12.62 

- 

9.488 

4 0.0867 

20 

-0.2759 

-0.0663 

-0.0294 

-0.0012 

4 17.11 

-21.22 

4 

1.522 

40.3710 

10 

40.1839 

-0.1613 

40,0454 

-0,0000 

4 66.22 

4 5.83 

4 

7.338 

40.7029 

0 

43.204 

40.6000 

0 

0 

-180.9 

0 


0 

41.000 

/k«40 

: 









40 

-{-0.2096 

0 

40,0030 

-0.0012 

- 29.22 

0 

- 

10.53 

-0.0850 

30 

-0.0157 

40.0719 

-0.0224 

—0,0013 

- 20.21 

-14.50 

- 

6.191 

40,0578 

20 

-0.3733 

-0.0458 

-0.0384 

-0.0010 

4 19.37 

-16,37 

4 

3.594 

40.3909 

10 

40.1569 

-0.1797 

40.0373 

-0.0001 

4 56.09 

4 7.56 

4 

7.285 

40-7139 

0 

43.297 

40.6000 

0 

0 

-169.2 

0 


0 

41*000 
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Table 7(b)—( Concld .) 

(m) (Conclude) 

Shear Edge Load Edge Moment Load 



N* 

(9) 

Nx # 

(10) 

N# 

(11) 

(12) 

Nx 

(13) 

N* # 

(14) 


(15) 

(16) 

^=45 










45 

+ 0.2347 

0 

+ 0.0286 

-0.0004 

- 8.38 

0 

- 

7.554 

-0.1241 

40 

+0.1924 

+0.0605 

+ 0.0199 

-0.0005 

- 10.38 

- 2.49 

- 

7.198 

-0.0988 

30 

-0.1065 

+0.0944 

-0.0306 

-0.0011 

- 15.36 

-10.11 

- 

3.686 

+0.0939 

20 

-0.4030 

-0.0596 

-0.0476 

-0.0011 

+ 12.42 

-13.03 

+ 

3.667 

1 0,4113 

10 

-0.1906 

-0.1895 

+0.0361 

-0.0001 

+ 50.54 

+ 6.80 

+ 

6.668 

+0.7160 

0 

+ 3.268 

+ 0.6000 

0 

0 

-158.3 

0 


0 

+ 1.000 

S? 

II 










50 

+ 0.1854 

0 

+0.0382 

+ 0.0002 

+ 7.18 

0 

- 

3.972 

- 0.1088 

40 

+0.1051 

-t-0.0872 

+ 0.0118 

-0.0003 

- 5.77 

+ 1-40 

- 

4.634 

-0.0572 

30 

-0.1481 

+0.0826 

-0.0419 

-0.0012 

- 20.51 

- 6.83 

- 

3.347 

| 0.1206 

20 

-0.3819 

-0.0757 

—0.0497 

-0.0012 

+ 7.78 

-12.83 

+ 

3.041 

+0.4149 

10 

+ 0.2199 

-0.1883 

+ 0.0384 

-0.0001 

+ 51.00 

+ 5.B5 

+ 

6.371 

+ 0.7134 

0 

+ 3.218 

+ 0.6000 

0 

0 

-156.6 

0 


0 

+ 1.000 
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Table 8(a)—S ymmetrical Edge Loads on Simply Supported 
Cylindrical Shells (displacement of edge at 0=*0) 


Vertical Edge Load 

Horizontal Edge Load 

Vertical Displacement w 

Vl—etXCoI. ( 1 ) Xsin^Ll 

r*tE v i | 

Horizontal Displacement 

Vl-t-t- X Col. (2) X sin-—^- 
r* 11 w l 

Rotation 0 — 

Vl-^V x Col. (3) x sin-^ 

XL 1 l 

(Downward Positive) 

_ l l _ , . K X 

Hl-t-ttX Col. (4) X sin — 
r 3 t E t 

v (Inward Positive) 

Hl ,, x Col. (5) x sin -— 7 — 

r 3 t E w l 

Rotation 0 — 

Hl-^-X Col. (6) X sin^L 

, w v 0 w v 6 

/k 

(1) (2) (3) (4) (5) (6) 

(a) r/t= 100 


y//=0.1 : 

30 

12.53 

0.1445 

0.1108 

- 0.1445 

- 0.0585 

-0.04556 

35 

6.265 

0.2508 

0.1420 

- 0.2508 

- 0.1231 

-0.07108 

40 

3.611 

0.4009 

0.1752 

- 0.4009 

- 0.2325 

-0.1039 

45 

2.591 

0.5987 

0.2088 

- 0.5981 

- 0.4040 

-0.1444 

50 

2.043 

0.8434 

0,2410 

- 0.8434 

- 0.6558 

-0.1925 

r//«0.2 : 

30 

17.30 

2.031 

0.0982 

- 2.031 

- 0.8742 

-0.04208 

35 

12.87 

3.538 

0.1259 

- 3.538 

- 1.794 

-0.06530 

40 

12.51 

5.544 

0.1524 

- 5.544 

- 3-282 

-0.09256 

45 

13.47 

7.956 

0.174B 

- 7.956 

- 5.447 

-0.1233 

50 

14.54 

10.50 

0.1899 

-10.50 

- 8.270 

-0,1546 

r//= 0.3: 

30 

35.24 

9.474 

0.0891 

- 9.474 

- 4.010 

-0.03866 

35 

37.31 

15.65 

0.1092 

-15.65 

- 7.890 

-0.05606 

40 

42.38 

22.99 

a 1245 

-22.99 

-13.59 

-0.07595 

45 

46.06 

30.12 

0.1317 

-30.12 

-20.69 

- 0.09384 

50 

45.75 

35.11 

0.1285 

-35.11 

-27.93 

-0.1070 



Sj?mtn€lri{;al Edg* Loads zyi 

Table 8(a)— (Contd.) 

(a) (Continued) 

Vertical Edqe Load Horizontal Edge Load 


/k 

w 

a) 

V 

(2) 

0 

(3) 

w 

(4) 

V 

(5) 

0 

(6) 

I 

o 

tt 

30 

75.06 

26.10 

0.07760 

- 26.10 

- 11.06 

-0.03483 

35 

87.57 

40.75 

0.09046 

- 40.75 

- 20.25 

-0.04716 

40 

96.68 

55.00 

0.09596 

- 55.00 

- 32.68 

-0.05921 

45 

96.10 

64.69 

0.09256 

- 64.69 

- 44.95 

-0.06746 

50 

85.15 

67.32 

0.08360 

- 67.32 

- 54.74 

-0.07216 

r 11—0,5 : 

30 

142.2 

54.14 

0.06634 

- 54.14 

- 22.98 

-0.02900 

35 

163.2 

78.77 

0.07239 

- 78.77 

- 39.97 

-0.03811 

40 

167.7 

97.43 

0.07124 

- 97.43 

- 58.47 

-0.04484 

45 

152.4 

104.9 

0.06505 

-104.9 

- 74.31 

-0.04883 

50 

127.5 

103.9 

0.05747 

-103.9 

- 87.21 

-0.05166 

r//=0 6 : 

30 

238.5 

88.47 

0.05559 

- 88.47 

- 39.78 

-0.02434 

35 

257.7 

126.7 

0.05714 

-126.7 

- 64.74 

-0.03049 

40 

245.4 

144.9 

0.05366 

-144.9 

- 88.10 

-0.03396 

45 

212.3 

149.5 

0.04873 

-149.5 

-108.3 

-0.03700 

50 

175.8 

143.7 

0.04304 

-147.9 

-127.9 

-0.03967 




(b) rft^ 

200 



r//« 0.1 : 

30 

13.59 

0.5598 

0.10563 

-0.5598 

-0.3112 

-0.04555 

35 

7.732 

0.9838 

0.13813 

-0.9838 

-0.4916 

—0*07100 

40 

5.711 

1.576 

0.1719 

-1.576 

-0.9269 

—0.1036 

45 

5.186 

2.354 

0.2050 

-2.354 

-1.462 

—0,1434 

50 

5.265 

3.292 

0.2352 

-3.292 

-2.578 

—0.1895 
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Table 8 (a)— (Contd,) 

(£) (Continued) 


Vertical Edge Load Horizontal Edge Load 


/k 

W 

(•) 

V 

(2) 

0 

(3) 

w 

(4) 

V 

(5) 

0 

(6) 

r/<-0.2 : 

30 

32.02 

8.267 

0.0986 

- 8.267 

- 3.492 

-0.04257 

35 

33.96 

14.07 

0.1245 

- 14.07 

- 7.090 

-0.06423 

40 

39.51 

21.38 

0.1468 

- 21.38 

- 12.62 

-0.08898 

45 

44.27 

28.96 

0.1600 

- 28.96 

- 19.84 

-0.1132 

50 

45.16 

34.63 

0.1600 

- 34.63 

- 27.44 

-0.1321 

r//~0.3 : 

30 

110.9 

37.12 

0.08756 

- 37.12 

- 15.70 

-0.03796 

35 

123.0 

58.70 

0.10342 

- 58.70 

- 29.63 

-0.05150 

40 

136.4 

78.62 

0.10899 

- 78.62 

- 46.73 

-0.06707 

45 

131.1 

89.18 

0.10274 

- 89.18 

- 62.16 

-0.07481 

50 

111.5 

89.27 

0.09013 

- 89.27 

- 73.18 

-0.07807 

r//*=0.4: 

30 

247.6 

98.82 

0.07423 

- 98.82 

- 41.89 

-0.03237 

35 

283.3 

139.7 

0.07945 

-139.7 

- 70.98 

-0.04180 

40 

273.8 

161.7 

0.07471 

-161.7 

- 97.64 

-0.04717 

45 

232.0 

163,1 

0.06551 

— 163,1 

— 117.2 

.. -0.04975 

50 

187.9 

157.7 

0.05768 

-157.7 

-135.5 

-0.05270 

r/f«0.5 : 

30 

473,4 

194.4 

0.06058 

-194.4 

- 82.77 

-0.02666 

35 

486.4 

244.3 

0.05905 

-244.3 

-125.5 

-0.03167 

40 

424.2 

256.6 

0.05240 

-256.6 

-158.6 

-0.03414 

45 

349.1 

254.2 

0.04653 

-254.2 

-189.1 

-0.03671 

50 

295.1 

260.4 

0.04398 

-260,4 

-234.5 

-0.04173 
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Table 8 (a) —( Condd .) 

( b ) (Conclude) 


Vertical Edge Load 


Horizontal Edge 

Load 


w 

V 

e 

w 

V 

e 

Jr K 


(i) 

(2) 

(3) 

(4) 

(5) 

(6) 

r//=0.6: 

30 

756.0 

315.3 

0.04830 

— 315.3 

-135.1 

-0.02155 

35 

706.1 

360.6 

0.04430 

-360.6 

-188.1 

-0.02429 

40 

591.7 

367.3 

0.03930 

-367.3 

-232.8 

-0.02637 

45 

490.8 

374.8 

0.03615 

-374.8 

-287.2 

-0.02931 

50 

431.9 

389.3 

0.03392 

-389,3 

-357.3 

-0.03284 



294 


Prestressed Concrete Structures 


Table 8(b)—S ymmetrical Edge Loads on Simply Supported 
Cylindrical Shells (displacement of edge at 0 =0) 

SiiEAR Edge Load Moment Edge Load 


Vertical Displacement w (Downward Positive) 


Sl 

c. 

/ 4 

x Col. (7) x 

[orizontal Di 

■v r^i /q\ x/ 

n x 

/ 4 

AiIi v 

v nj nm 

v ■ 3tx 

X sin -_ 

r 9 * £ - 
H 

/* 

sin—f- 

isplacement 

. * * 

Gi n ^ ■ ■ 

i r* t E — v j 

v (Inward Positive) 

/ 4 

Mly __- V Col fin 

. JlX 

Rotation 8 — 

c, ^ /CD ^ 

oil! j 

Jl X 

1V1L A A uui. ^ 1 1 J 

Rotation 8 — 

A/f. V f XX Pnl /10\ v 

s\ MU j 

K x 

ci n - 




sm — 



Mil “ 


vv 

V 

0 

w 

V 

0 



(7) 

(8) 

(9) 

(10) 

(ID 

(12) 




(a) r/t= 

100 



r//^0.1 : 

30 

0.3401 

0.000480 

0.000363 

- 1.330 

- 0.5469 

-0.5144 

35 

0.2178 

0.001006 

0.000544 

- 1.704 

- 0.8531 

-0.5964 

40 

0.1443 

0.002009 

0.000822 

- 2.102 

- 1.247 

-0.6749 

45 

0.1084 

0.003771 

0.001223 

- 2.505 

- 1.734 

-0.7542 

50 

0.0792 

0.006516 

0.001776 

- 2.892 

- 2.312 

-0.8290 

r//=0.2 : 

30 

0.6950 

0.00726 

0.000353 

- 18.86 

- 8.233 

-0.4893 

35 

0.4733 

0.02065 

0.000678 

- 24.18 

- 12.54 

-0.5564 

40 

0.3715 

0.04590 

0.001145 

- 29.25 

- 17.77 

-0.6159 

45 

0.3402 

0.08862 

0.001757 

- 33.56 

- 23.67 

-0.6651 

50 

0.3610 

0.1526 

0.002478 

- 36.46 

- 29.70 

-0.6986 

r//« 0.3: 

30 

1.187 

0.06357 

0.000536 

- 86.64 

- 37.58 

-0.4499 

35 

0.9583 

0.1474 

0.000923 

-106.2 

- 54.50 

-0.4965 

40 

0.9561 

022931 

0.001413 

-121.0 

- 73.83 

-0.5288 

45 

1.073 

0.5020 

0.001927 

-127.9 

- 91.21 

-0.5434 

50 

1.209 

0.7422 

0.002334 

-124.9 

-104.0 

—0,5402 



(a) (Continued) 


Symmetrical Edge Loads 
Table 8(b)— (Contd.) 


29S 


Shear Edge Load 


w 

V 

0 


(7) 

(8) 

(9) 

/f=0.4: 




30 

1.940 

0.2256 

0.000632 

35 

1.924 

0.5080 

0.000994 

40 

2.189 

0.9067 

0.001384 

45 

2.500 

1 372 

0.001641 

50 

2.591 

1.731 

0.001732 

r// = 0.5 : 




30 

3.218 

0.5995 

0.000644 

35 

3.588 

1.202 

0.000945 

40 

4.141 

1.938 

0.001160 

45 

4.418 

2.566 

0.001242 

50 

4.246 

2.945 

0.001199 

r[l= 0.6 : 




30 

5.112 

1.210 

0.000620 

35 

5.976 

2.242 

0.000834 

40 

6.629 

3.250 

0.000932 

45 

6.601 

3.942 

0,000910 

50 

6.678 

4.324 

0.000865 

(b) «7t=: 

r//=0.1 




30 

0.3446 

0.001423 

0.000252 

35 

0.2228 

0.003352 

0.000438 

40 

0.1579 

0.007139 

0.000718 

43 

0.1237 

0.01391 

0.001117 

50 

0.1083 

0.02506 

0.001649 


Moment Edge Load 


( 10 ) 


-239.2 

-277.7 

-293.8 

-284.1 

-255.7 

-497.6 

-542.9 

-535.2 

-487.9 

-431.0 

— 864.6 
-888.7 
-834.6 
-743.9 
-669.4 


(H) 


-104.0 

-145.2 

-181.4 

-207.1 

- 220.8 

-216.6 

-285.9 

-335.5 

-366.2 

-387.5 

-378.6 

-474.2 

-52B.2 

-575.4 

-618.7 


- 5.070 

- 6.630 

- 8.250 

- 9.842 
-11.29 


2.186 

3.408 

4.974 

6.883 

9.097 


0 

( 12 ) 


-0,4049 

-0.4320 

-0.4417 

-0.4348 

-0.4228 

-0.3602 
— 0.3706 
-0.3668 
-0.3568 
-0.3493 

-0.3247 

-0.3185 

-0.3171 

-0.3042 

-0.3086 


-0.5143 

-0.5958 

-0.6749 

-0.7503 

-0,6195 
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Table 8(b)—( Conld .) 

(4) (Continued) 


Shear Edge Load Moment Edge Load 


/k 

w 

(7) 

V 

(8) 

0 

(9) 

w 

(10) 

V 

(ii) 

e 

(12) 

r/f-0.2 : 

30 

0.7716 

0.03561 

0.000385 

- 75.70 

- 32.70 

-0.4866 

35 

0.6124 

0.08739 

0.000700 

- 95.68 

- 49 33 

-0.5497 

40 

0.6071 

0.1815 

0.001123 

- 112.7 

- 68.34 

-0.5990 

45 

0.6944 

0.3237 

0.001601 

- 122.9 

- 86.91 

-0.6273 

50 

0.8010 

0.4950 

0.002014 

- 122.8 

- 101.0 

-0.6299 

f//-0.3 : 

30 

1.641 

0.2500 

0.000532 

- 340.4 

- 147.6 

-0.4443 

35 

1.782 

0.5520 

0.000860 

- 402.2 

- 200.2 

-0.4792 

40 

2.154 

0.9824 

0.001193 

- 423.7 

- 260.8 

-0.4884 

45 

2,432 

1.410 

0.001376 

- 399.4 

- 290.9 

-0.4749 

50 

2.437 

1.695 

0.001382 

- 350.4 

- 303.5 

-0.4550 

r//~0.4: 

30 

3.525 

0.9471 

0.000586 

- 912.9 

- 397.8 

-0.3936 

35 

4.354 

1.701 

0.000837 

- 976.3 

- 513.6 

-0.4011 

40 

4.977 

2.518 

0.000964 

- 918,0 

- 579.7 

-0.3884 

45 

4.925 

3.016 

0.000945 

- 805,0 

- 611.3 

-0.3732 

50 

4.456 

3.239 

0.000875 

- 708.8 

- 647.5 

-0.3670 

r//*»0.5: 

SO 

6.899 

2.116 

0.000570 

-1817. 

- 800.0 

-0.3421 

35 

8.309 

3.527 

0.000704 

-1772. 

- 950.2 

-0.3343 

40 

8.519 

4.483 

0.000707 

— 1572. 

-1024. 

-0.3210 

45 

7.792 

4.924 

0.000653 

-1396, 

-1101. 

-0.3136 

50 

6*701 

5.075 

0.000616 

-1319. 

-1252. 

-0.3226 




Symmetrical Edge Loads *g§7 

Table 8 (b)— {ConcldJ) 

(b) (Conclude) 


Shear Edge Load Moment Edge Load 


/k 

W 

(?) 

V 

(8) 

6 

(9) 

w 

(10) 

V 

(in 

9 

(12) 

r\i= 0.6: 







30 

11.82 

3.979 

0.000510 

- 3009. 

-1341. 

-0.2961 

35 

13.15 

5.790 

0.000555 

—2756. 

-1511. 

-0.2847 

40 

12.46 

6.714 

0.000519 

-2445. 

-1640. 

0.2778 

45 

11.18 

7.265 

0.000486 

-2249. 

- 1823. 

-0.2782 

50 

10.21 

7.983 

0.000481 

-2110. 

- 2043. 

-0.2807 
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Table 9(a)— Edge Loads on Simply Supported Cylindrical Shell 


Tangential Edge Load 


Radial Edge Load 


(a) Basic Formula# for n— 1 ; for n — 3 Substitute 


3 71 * _ ^ # 7TX 

- ■— Instead off — 


Longitudinal Force JV X — 
Tl x Col. (1) X sin 
Shearing Force Ax*— 

Tl X Col. (2) X cos ^j- 
Transverse Force JV$— 

Tl x Col. (3) x sin ~ 


Longitudinal Force N x — 
Rlx|x Col. (5) X sin —j— 
Shearing Force jVx^— 
Rlx|x Col. (6) x COS——J— 
Transverse Force JV ^— 

Rl yi-x Col. (7) x sin ~j~ 


Transverse Moment M ^— 


Transverse Moment M ^— 



Tl X t > 

< Col. (4) >, sin 

K x 

l 

Rl x 

l X Col. (8) X sin 

n x 

~~T 





(b) n = 

1 








1 

1 

tr 

^ I 

1 

i 

1 

< 



y 

s 

Nk 


N * 


Nv 



M, 


(i) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

r t 

/> ~ 

0.002: 








3.2 

- 0.595 

-0.337 

4 0.032 

+0.3010 

+ 0.0209 

+0.00594 

+0.00026 

-0.0039' 

1.6 

4 0.635 

+ 1.303 

-0.188 

- 1.8271 

-0.0633 

-0.02668 

-0.00011 

+0.0313f 

0.8 

-10.323 

-1.441 

-0.434 

-2.1133 

+0.1676 

-0.00575 

40.01432 

+0.07662 

0.4 

- 2.658 

-3.637 

+ 0.283 

-0.5169 

+0.1185 

4 0.04052 

+0.00946 

+0.05128 

0.2 

-t 11-837 

-3 132 

+ 0.754 

+0.0620 

-0.1123 

+ 0.04313 

+0.00356 +0.02703 

0.1 

+ 23,039 

-1.990 

4-0.929 

4-0.1309 

-0.3127 

+0.02938 

+0.00108 +0.01362 

0.0 

+37.430 

0 

+ 1.000 

0 

-0.5848 

0 

0 

0 





(b) (Continued) 


Table 9(a)— (Crntd.) 


Tangential Edge Load Radial Edge Load 


s 

N* 

N «# 

N # 

m 4 

N* 

N,, 

N 4 

u 4 

i/'t if 

(i) 

(2) 

(3) 

w 

(5) 

(6) 

(?) 

(8) 

r t 

1* ' 

0.003; 








3.2 

- 0.393 

-0.288 

+0.038 

+ 0.2387 

+ 0.0203 

4 0.00695 

[0.00015 

-0.00432 

1.6 

+ 0.316 

+ 1.115 

-0.204 

- 1.4220 

-0.0629 

-0.03104 

4 0.00041 

+ 0.03275 

0.8 

- 8.063 

-1.331 

-0.405 

-1.5481 

40.1741 

- 0.00573 

40.01853 

'-0*07812 

0.4 

- 1.920 

-3.205 

+ 0.305 

-0.3150 

40.1214 

40.04716 

[0.01212 

+ 0.05225 

0.2 

+ 9.454 

-2.742 

+ 0.762 

+ 0.1030 

-0.1185 

40.04990 

+0.00455 

+0.02756 

0.1 

+18.230 

- 1.739 

+ 0.931 

-i 0.1323 

-0.3269 

0.03395 

+ 0.00138 

H 0.01394 

0.0 

-[-29.509 

0 

+ 1.000 

0 

-0.6104 

0 

0 

0 

rt 

--zaz 

/• 

0.004: 








3.2 

- 0.278 

-0.254 

+ 0.042 

+ 0.2008 

+ 0.0196 

4 0.00771 

^0.00000 

-0.00459 

1.6 

+ 0,142 

+ 0.991 

-0.215 

-1.1832 

-0.0618 

-0.03434 

+ 0.00103 

+0.03355 

0.8 

- 6.733 

-1.259 

— 0.3B1 

- 1.2254 

4-0 1776 

-0.00550 

+0.02214 

+ 0.07856 

0.4 

- 1.500 

-2.923 

4 0.321 

-0.2052 

} 0.1226 

+0.05223 +0.01437 

+ 0.05255 

0,2 

+ 8.039 

-2.488 

4 0.769 

+ 0.1217 

-0.1224 

+ 0.05501 

+0.00539 

+ 0.02779 

0.1 

+ 15.393 

-1.575 

40.933 

+ 0.1301 

-0.3353 

+ 0.03740 

+0.00163 

[ 0.01407 

0.0 

+ 24.846 

0 

+ 1.000 

0 

- 0.6254 

0 

0 

0 

> =' 

0.006: 








3.2 

- 0.153 

-0.209 

+0.047 

+ 0.1550 

+0.0179 

+ 0.00877 

-0.00034 

-0.00493 

1.6 

- 0.103 

+0.827 

-0.230 

-0.9042 

-0.0591 

— 0.03910 

+ 0.00239 

+ 0.03457 

0.8 

- 5.182 

— 1.161 

-0.344 

-0.8634 

+0,1807 

-0.00480 +0.02822 

-f 0,07956 

a.4 

- 1.030 

—2.556 

+0.347 

-0.0900 

+0.1227 

+0.05977 

+0.01610 

+0.05372 

0 22 

+ 6.371 

—2.158 

+0.778 

+0.1355 

-0.1270 

+0.06253 

+0.00677 

+0.02870 

0 J 

+ 12.071 

-1.363 

+ 0.936 

+0.1232 

-0,3444 

+0.04246 

+0,00203 

+0.01463 

0.0 

+ 19.407 

0 

+ 1.000 

0 

-0.6412 

0 

0 

0 
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(h) (Continued) 


Table 9(a)—( Contd.) 


Tangential Edge Load Radial Edge Load 


s 

N, 

N,, 

N, 


Njc 

N*, 

N, 

M* 

s/ft (' 

0) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(6) 

-—-=0.008: 








3.2 

- 0.086 

-0.178 

-{ 0.050 

+ 0.1271 

+0.0163 

+ 0.00949 

-0.00072 

-0.00511 

1.6 

- 0.131 

+ 0.719 

-0.240 

-0.7409 

-0.0562 

-0.04265 

+ 0.00383 

+ 0.03459 

0.8 

- 4.278 

-1.094 

-0.313 

-0.6617 

+ 0.1813 

-0,00397 

+0.03329 

+ 0.07719 

0.4 

- 0.770 

-2.316 

+ 0.367 

-0.0315 

+ 0.1217 

+ 0.06531 

+ 0.02116 

+ 0.05188 

0-2 

+ 5.382 

-1.945 

1 0.785 

+ 0.1383 

-0.1293 

+ 0.06797 

+ 0.00791 

+0.0276B 

0.1 

-f -10.120 

-1.226 

! 0.938 

+ 0.1163 

-0.3483 

+ 0.04611 

+ 0.00239 

+0.01411 

0.0 

-1-16.225 

0 

+ 1.000 

0 

-0.6479 

0 

0 

0 


0.010: 








3.2 

- 0.045 

-0.155 

+ 0.052 

+ 0,1079 

-1 0.0148 

-1 0.00997 

-0.00111 

-0.00521 

1.6 

- 0.183 

+ 0,640 

-0.246 

-0.6312 

-0.0534 

-0.04527 

+ 0.00527 

+ 0.03458 

0.8 

- 3.671 

-1.043 

-0.288 

-0.5322 

+ 0.1807 

-0.00313 

+0.03767 

+0.07597 

0.4 

- 0.604 

-2.141 

+0.384 

+ 0.0026 

+0.1202 

+ 0.06960 

+0.02378 

+0.05126 

0.2 

+ 4.712 

-1.789 

+ 0,791 

+ 0.1370 

-0.1305 

+ 0.07215 

+ 0.00887 

+0.02748 

0.1 

4 8.807 

-1,127 

+ 0.940 

+ 0.1100 

-0.3496 

+ 0.04892 

+0.00268 

+0.01406 

0.0 

-f 14.089 

0 

+ 1.000 

0 

-0.6501 

0 

0 

0 

r t 

L h=q.015: 








3.2 

4 0.011 

-0.115 

+0.055 

+0.0775 

+0.0117 

+0.01060 

-0.00205 

-0.00527 

1.6 

- 0.243 

+0.504 

-0.255 

-0,4648 

-0.0474 

-0.04966 

+0.00882 

+0.03405 

0.8 

- 2.753 

—0,952 

-0.236 

-0.3476 

+0,1769 

-0.00114 +0.04659 

+0.07280 

0.4 

- 0.371 

-1,845 

+0.416 

+ 0.0440 

+0.1159 

+ 0.07720 +0.02902 

+0.04970 

0,2 

+ 3.678 

-1.529 

+0.803 

+0.1287 

-0.1309 

+0.07946 +0.01080 

+0.02699 

* 0,1 

+ 6.801 

-0.961 

+0.943 

+0.0969 

-0.3472 

+0.05383 +0.00326 

+0.01393 

0.0 

+ 10.843 

0 

+ 1.000 

0 

-0.6465 

0 

0 

0 


(A) (Continued) 


Edge Loads 

Table 9(a) — (Canid.) 


301 


Tangential Edge Load Radial Edge Load 


r N* N, N x 

4 /m» (1) (2) (3) (4) (3) (6) (7) (8) 


r * = 0 . 020 : 

3.2 + 0.033 -0.080 

1.6 - 0.263 + 0.415 

0.8 - 2.225 -0.888 

0.4 - 0.250 -1.652 
0.2 -1- 3.068 -1.361 

0.1 + 5.634 -0.854 
0.0 + 8.964 0 

J,--=0.025: 

3.2 + 0.044 - 0.069 

1.6 - 0.268 +0.351 

0.8 - 1.875 -0.839 

0.4 - 0.177 -1.512 

0.2 + 2.656 -1.240 
0.1 + 4.853 -0.777 

0.0 + 7.714 0 

~= 0 . 030 : 

3.2 -+ 0.050 - 0.054 
1.6 - 0.265 +0.301 
0.8 - 1.625 -0.798 
0.4 - 0.129 -1.403 
0.2 + 2.355 -1.147 
0.1 + 4.287 -0.719 
0.0 + 6.811 0 


1-0.054 

+0.0594 

+ 0.0091 

-0.258 

-0.3689 

-0.0424 

-0.195 

-0.2500 

+ 0.1720 

4 0.440 

+ 0.0601 

+0.1117 

4-0.812 

0.1192 

-0.1296 

f 0.946 

-1 0.0868 

-0.3426 

- 1 - 1.000 

0 

-0.6374 


+ 0.053 

-1 0.0472 

+0.0071 

-0.257 

- 0.3054 

-0.0382 

-0.161 

-0.1901 

-l 0.1667 

+ 0.460 

+0.0668 

+ 0.1078 

+0.819 

+ 0.1104 

-0.1275 

+ 0.948 

+ 0 0787 

-0.3362 

+ 1.000 

0 

-0.6263 


+ 0.051 

-+0.0383 

+0.0054 

-0.254 

-0.2599 

-0.0346 

-0.131 

-0,1497 

+0,1616 

+ 0.477 

+ 0.0693 

+ 0.1043 

+0.825 

+ 0.1028 

-0.1249 

+ 0.949 

+0.0722 

-0.3292 

+ 1.000 

0 

-0,6144 


+ 0.01073 -0.00290 -0.00518 
-0.05224 +0.01217 1 0.03322 
+0.00061 -j 0.05358 +0.06986 
+ 0.08214 +0.03306 +0.04833 
4 0.08417 + 0.01230 +0.02659 
-+0.05700 +0.00371 10.01384 
0 0 0 

4 0.01060 - 0.00364 - 0.00502 
-0.05380 0.01529 +0.03229 

+0.00212 +0.05928 +0.06722 
+ 0.08554 +0.03631 f 0.04747 
i 0.06738 +0.01350 i 0.02630 
+ 0.05918 0.00407 + 0.01380 

0 0 0 

+0.01031 -0.00428 - 0.00482 
-0.05470 +0.01818 -+0.03133 
+ 0.00344 +0.06403 + 0.06485 
+ 0.08796 + 0.03900 +0.04617 
+0.08966 + 0.01449 +0.02607 
+ 0.06074 +0.00437 + 0.01379 
0 0 0 
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Table 9(a)—(Coitfrf,) 

(&) (Continued) 


Tangential Edge Load Radial Edge Load 


N, N,, N, 

i/n 7* (I) (2) (3) 

(4) 

N* 

(5) 

N I# 

(6) 

N, 

(7) 

(8) 

-y-=0.040: 






3.2 -I 0.053 -0.033 +0.045 

4 0.0263 

4-0.0028 

+ 0.00947 

-0.00526 

-0.00439 

1.6 - 0.253 -j- 0.227 -0.246 

-0.1986 

-0.0289 

-0.05524 

+0.02329 

+0.02949 

0.8 - 1.286 -0.735 -0.081 

-0.1002 

+0.1516 

+0.00551 

+ 0.07145 

+ 0.06091 

0.4 - 0.072 -1.241 -j 0.505 

-1-0.0682 

40.0980 

+ 0.09076 

+0.04319 

+0.04469 

0.2 + 1.938 -1.010 +0.834 

+0.0895 

-0.1195 

+0.09230 

+ 0.01605 

+ 0.02586 

0.1 ! 3,512 -0.632 40.952 

1 0.0618 

-0.3152 

+0.06258 

+ 0.00485 

+ 0.01389 

0.0 + 5.579 0 +1.000 

0 

-0.5904 

0 

0 

0 

T p— ■» 0.060: 






3.2 4- 0.047 -0.009 -1-0.034 

4-0.0135 

-0.0003 

+0.00747 

-0.00631 

-0.00356 

1.6 - 0.322 +0.137 -0.222 

-0.1313 

-0.0213 

-0.05387 

+0.03126 

+0.02620 

0.8 - 0.910 - 0.645 - 0.005 

-0.0531 

40.1343 

+ 0.00814 

+ 0.08098 

+ 0.05495 

0.4 - 0.023 -1.035 +0.545 

4-0.0605 

+ 0.0881 

+ 0.09213 

+0.04853 

+0.04274 

0.2 + 1.456 -0.838 +0.848 

+ 0.0708 

-0.1084 

+ 0.09368 

+0.01807 

+ 0.02586 

0.1 4 2.629 -0.524 +0.956 

+0.0480 

-0.2886 

+ 0.06370 

+ 0.00547 

+ 0.01425 

0.0 + 4.187 0 +1.000 

0 

-0.5452 

0 

0 

0 

j~ =0.080: 






3.2 + 0.039 + 0.002 + 0.023 

+ 0.0072 

-0.0018 

+0.00559 

-0.00651 

-0.00285 

1.6 - 0.195 + 0.083 -0.196 

-0.0951 

-0.0166 

-0.05117 

+0.03683 

+0.02346 

0.8 - 0.705 - 0.581 +0,052 

-0.0320 

+0.1199 

+0.00946 

+ 0.08620 

+0.05066 

0.4 - 0.005 -0.904 + 0.574 

+ 0.0523 

+0.0801 

+0.09073 

+0.05150 

+0.04162 

0.2 + 1.179 - 0.730 +0.857 

+0.0582 

-0.0980 

+0.09256 

+0.01923 

+0.02615 

0.1 + 2.130 -0.458 +0.959 

+0.0591 

-0.2648 

+0.06315 

+0.00583 

+0.01471 

0.0 + 3.407 0 +1.000 

0 

-0.5051 

0 

0 

0 
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(b) (Conclude) 


Table 9(a)— 

{Concld.) 





Tangential Edge Load 


Radial Edge Load 


s 

Nx 


N, 


N* 


N, 


£ Jrt~P 

(i) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

T t 

7* 

=0.100: 








3.2 

4 0.032 

4-0.008 

40.013 

40.0038 

-0.0026 

[-0.00400 

-0.00620 - 

0.00229 

1.6 

- 0.171 

40.048 

-0.171 

-0.0728 

-0.0135 

— 0.04807 

[-0.04061 f 

0.02117 

0.8 

- 0.576 

-0.533 

[-0.097 

-0.0210 

-0.1078 

40.00995 

[-0.08883 4 

0.04740 

0.4 

4- 0.002 

-0.811 

f 0.595 

-0.0454 

40.0747 

40.08805 

[-0 05308 4 

0.04093 

0.2 

-f- 0.997 

-0.655 

40.865 

[-0.0490 

-0.0886 

40.09028 

[-0.01989 4 

0.02656 

0.1 

4 1.807 

-0.411 

40.961 

40.0328 

-0.2437 

f 0.06183 

40.00605 4 

0.01520 

0.0 

-]- 2.903 

0 

41.000 

0 

-0.4697 

0 

0 

0 
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Table 9(b) 


Tangential Edge Load 


Radial Edge Load 


(c) n = 3 




Nx 

Ratio 

(1) 

N*# 

(2) 

N 4 

(3) 

M 4 

(4) 

N, 

(5) 

(6) 

N 4 

(7) 

M # 

(8) 

-^—=0.002: 








1.6 -|- 0.285 

-0.025 

+ 0.090 

+ 0.0576 

-0.0034 

+ 0.00384 

-0 00282 

-0.00287 

0.8 - 0.902 

-1 0.307 

-0.353 

-0.4678 

-0.0010 

-0.01922 

+ 0.00817 

+ 0.01637 

0.4 - 2.287 

-i.204 

-0.080 

-0.1920 

+ 0.0635 

+ 0.00753 

+ 0.01653 

+ 0.02201 

0.2 4 0.448 

-1.717 

-1-0.530 

+ 0.0868 

+0.0227 

| 0.02868 

+ 0.00880 

+ 0.01449 

0.1 -i- 3.947 

-1.310 

+ 0.851 

+ 0.1194 

-0.0602 

+ 0.02591 

]-0.00309 

+ 0.00779 

0.0 + 9.616 

0 

+ 1.000 

0 

-0.2138 

0 

0 

0 

-——=0.003; 








1.6 4 0.221 

+0.009 

~j 0.071 

+ 0.0296 

-0.0042 

+ 0.00318 

-0.00328 

-0.00243 

0.8 - 0.730 

| 0.195 

-0.331 

-0.3235 

+ 0.0006 

-0.01981 

+ 0.01074 

+0.01530 

0.4 - 1.664 

-1.058 

-0.020 

-0.1060 

+ 0.0600 

+ 0.00878 

+ 0.01978 

+ 0.02138 

0.2 -t- 0.399 

-1.458 

-0.567 

+ 0.0889 

+ 0.0211 

+ 0.03082 

+ 0.01044 

+0.01395 

0.1 4 3.028 

-1.106 

! 0.861 

+ 0.1027 

-0.0583 

+ 0.02775 

+ 0.00366 

+ 0.00767 

0.0 4 7.321 

0 

+1.000 

0 

-0.2072 

0 

0 

0 

it-=0.004: 








1.6 4 0.177 

+0.026 

+0.055 

+ 0.0155 

-0.0046 

+0.00252 

-0.00351 

-0.00206 

0.8 - 0.619 

+0.126 

-0.308 

-0.2442 

+0.0016 

-0.01982 

+0.01281 

+0.01433 

0.4 - 1.314 

-0.959 

+0.026 

-0.0647 

+0.0566 

+0.00958 

+0.02211 

+ 0.02024 

0.2 4 0.358 

-1.290 

+0.590 

+0.0843 

+ 0.0198 

+0.03193 

+0.01162 

+0.01357 

0.1 4 2.492 

-0.975 

+0.868 

+0.0899 

-0.0561 

+0.02872 

+0.00408 

+0.00762 

0.0 4 6.005 

0 

+ 1.000 

0 

-0,2000 

0 

0 

0 



(c) (Continued) 
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Tangential Edge Load Radial Edge Load 


N X 


N * 


N x 

Nx # 

N * 

u t 

Ratio 

(i) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 


^-= 0 . 006 : 


1.6 

+0.122 

+ 0.041 

+ 0.031 

+ 0.0025 

-0.0047 

+0.00138 

-0,00353 

— 0.00150 

0.8 

-0.478 

+ 0.045 

-0.265 

-0.1588 

+ 0.0026 

-0.00913 

+ 0.01586 

+ 0.01271 

0.4 

-0.929 

-0.825 

+ 0.096 

-0.0271 

+ 0.0507 

+ 0.01044 

-0.02518 

+ 0.01853 

0.2 

t 0.296 

-1.076 

+ 0.622 

+0.0726 

+ 0.0180 

+ 0.03269 

-0.01317 +0.01309 

0.1 

+ 1.875 

-0.810 

+ 0.879 

+0.0716 

-0.0515 

+ 0.02942 

+0.00463 

+ 0.00763 

0.0 

+ 4.514 

0 

+ 1.000 

0 

-0.1061 

0 

0 

0 

r t 

l 2 “ 

0.008: 








1.6 

+ 0.088 

+0.044 

+ .0.014 

-0.0028 

-0.0045 

+ 0.00050 

-0.00324 

-0.00111 

08 

-0.390 

-0.001 

-0.226 

-0.1141 

+ 0.0030 

-0.01011 

+ 0.01791 

+0.01142 

0.4 

-0.719 

-0.736 

+0.148 

-0.0116 

+ 0.0458 

+ 0.01070 

+0.02690 

+ 0.01731 

0.2 

+ 0.252 

-0.940 

+ 0.646 

+ 0.0623 

+0.0167 

+ 0.03247 

+0.01409 

+ 0.01284 

0.1 

+ 1.520 

-0.707 

+ 0.886 

+ 0.0591 

-0.0473 

+0.02930 

+0.00496 

+0.00773 

0.0 

+ 3.674 

0 

+ 1.000 

0 

-0.1735 

0 

0 

0 

r t 

l a =l 

0.010: 








1.6 

+ 0.066 

+0.044 

+0.002 

-0.0050 

-0.0042 

-0.00015 

-0.00282 

-0.00083 

0.8 

-0.329 

-0.030 

-0.191 

-0.0869 

+0.0030 

-0.01702 

+0 01925 

+ 0.01037 

0.4 

-0388 

-0.669 

+0.189 

-0.0042 

+ 0.0416 

+0.01064 

+0.02798 

+0.01639 

0.2 

+0.218 

-0.844 

+0.663 

+0.0539 

+0.0157 

+0.03177 

+0.01463 

+0.01271 

0.1 

+ 12288 

-0.635 

+ 0.892 

+0.0501 

-0.0434 

+0.02880 

+0.00516 +0.00766 

0.0 

+3.131 

0 

+ 1.000 

0 

-0.1623 

0 

0 

0 
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Prestressed Concrete Structures 
Table 9(b)—( Conld .) 


(f) (Continued) 


Tangential Edge Load 


Radial Edge Load 


Ratio 


N, 

N«# 



Nx 

N, # 



(1) 

(2) 

0) 

(4) 

(5) 

(6) 

(7) 

(81 


^ 1 ^ 0 . 015 : 


1.6 

+ 0.034 

4 0.035 

0.0 

-0.236 

-0.067 

0.4 

-0.409 

-0.558 

0,2 

+ 0.160 

-0.692 

0.1 

+ 0.948 

-0.523 

0.0 

+ 2.351 

0 

r t 

l* ” 

0 .020: 


1.6 

+0.019 

+0.026 

0.8 

-0.183 

-0.081 

0.4 

-0.320 

-0.489 

0.2 

+ 0.123 

-0.604 

0.1 

+0.763 

-0.459 

0.0 

+ 1.939 

0 

r t 

/» ^ 

0.025: 


1.6 

+0.011 

+0.019 

0.8 

-0.150 

-0.086 

0 4 

-0.269 

-0.441 

0.2 

+0,096 

-0.547 

0.1 

+0.649 

-0.419 

0.0 

+ 1.690 

0 


-0.014 

-0.0060 

-0 0034 

-0.121 

-0.0512 

+0.0026 

i 0.261 

+ 0.0022 

1-0.0337 

+0.694 

I 0.0393 

+0.0141 

+ 0.901 

+ 0.0358 

-0-0354 

+ 1.000 

0 

-0.1390 


-0.018 -0.0053 

-0.0027 

-0.070 -0.0346 

+0.0019 

+ 0.306 +0.0033 

+ 0.0280 

+ 0.711 +0.0302 

+0.0130 

+ 0.906 +0.0274 

-0.0291 

+ 1.000 0 

-0.1209 


-0.018 

-0.0044 

-0.0021 

-0.033 

-0.0254 

+ 0.0013 

+ 0.336 

+0.0031 

+ 0.0237 

+0.722 

+ 0.0241 

+ 0.0122 

+0.909 

+ 0.0221 

-0.0243 

+ 1,000 

0 

-0.1065 


-0.00107 —0.00166 -0.00040 
-0 01450 +0-02065 +0.00844 
+ 0.00979 +0.02859 +0.01481 
+ 0.02924 | 0.01506 +0.01262 
+0.02686 +0.00536 +0.00824 
0 0 0 


-0.00140 -0.00071 -0.00019 
-0.01244 +0.02045 +0,00713 
-1-0.00858 +0.02783 + 0.01380 
+ 0.02646 +0.01483 +0.01265 
+ 0.02469 +0.00533 +0.00860 
0 0 0 


-0.00146 -0.00006 - 0.00008 
-0.01080 +0.01948 +0.00619 
+0.00736 +0.02650 +0.01307 
+0.02384 + 0.01433 + 0.01273 
+0.02262 +0.00520 +O.OOB92 
0 0 0 
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Tangential Edge Load 



Radial Edge Load 

Nx Nx^ N # 


Nx 


Ratio 

(I) (2) (3) 

(4) 

(5) 

(6) (7) (8) 


Y = 0 . 030 : 


1.6 

4 0.007 

4 0.014 

- 0.016 

- 0.0037 

- 0.0017 

- 0.00139 

+ 0,00035 

- 0.00002 

0.8 

- 0.127 

- 0.086 

- 0.006 

- 0.0197 

+0 0009 

- 0.00949 

+ 0.01820 

+ 0.00548 

0.4 

- 0.236 

- 0.406 

+ 0.354 

4 0.0025 

+ 0.0203 

+ 0.00624 

+ 0.02497 

+ 0.01251 

0.2 

+ 0.076 

- 0.508 

0.728 

4 0.0199 

+ 0.0115 

+ 0.02149 

+ 0.01370 

+ 0.01280 

0.1 

j - 0.571 

- 0.392 

4 0.911 

4 0.0184 

-0 0204 

+ 0.02074 

+ 0.00502 

+ 0.00920 

0.0 

+ 1.527 

0 

+ 1.000 

0 

- 0.0948 

0 

0 

0 

r t 

1 2 _ 

0 . 040 : 








1.6 

+ 0.002 

4 0.008 

- 0.011 

- 0.0025 

- 0.0011 

- 0.00114 

+ 0.00069 

+ 0 . 00003 

0.8 

- 0.099 

- 0.084 

+ 0.027 

- 0.0134 

+ 0.0001 

- 0.00756 

4 - 0.01547 

+ 0.00448 

0.4 

- 0.198 

- 0.361 

+ 0.373 

4 - 0.0013 

4 - 0.0155 

+ 0.00439 

+ 0.02195 

+ 0.01167 

0.2 

+ 0.053 

- 0.461 

+ 0.732 

+ 0.0142 

+ 0.0104 

4 - 0.01764 

+ 0.01241 

+ 0.01292 

0.1 

+ 0.483 

- 0.362 

+ 0.911 

+ 0.0135 

- 0.0148 

+ 0.01761 

+ 0.00462 

4 0.00965 

0.0 

+ 1.351 

0 

+ 1.000 

0 

- 0.0771 

0 

0 

0 

r t 

= 0 . 060 : 








1.6 

- 0.000 

+ 0.002 

- 0.005 

- 0.0013 

- 0.0006 

- 0.00069 

+ 0.00066 

+ 0.00005 

0.8 

- 0.071 

- 0.072 

4 0.052 

- 0.0079 

- 0.0005 

- 0.00521 

+ 0.01099 

+ 0.00330 

0.4 

- 0.168 

- 0.309 

+ 0.375 

+ 0.0001 

+ 0.0100 

4 0.00207 

+ 0.01705 

+ 0.01054 

0.2 

+ 0.012 

- 0.415 

+ 0.725 

+ 0.0091 

+ 0.0086 

+ 0.01245 

+ 0.01024 

+ 0.01303 

0.1 

+ 0.375 

- 0.337 

+ 0.907 

+ 0.0092 

- 0.0085 

+ 0.01326 + 0.00394 

+ 0.01027 

0.0 

+ 1.165 

0 

+ 1.000 

0 

- 0.0554 

0 

0 

0 
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Table 9(b)— (Concld.) 

(c) (Conclude) 


Tangential Edge Load Radial Edge Load 


N* 

Nx* 



Nx 

N*, 

Nx 

M, 

Ratio 







(i) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

~ =0.080; 








1.6 -0.001 

+ 0.001 

-0.002 

-0.0008 

-0.0003 

-0.00043 

+0.00047 

+ 0.00004 

0.0 -0.056 

-0.062 

+ 0.056 

— 0.0053 

-0.0007 

-0 00387 

+ 0.00803 

+0.00263 

0.4 -0.155 

-0.280 

+0.362 

-0.0005 

f 0.0070 

+0.00084 

+0.01368 

+ 0.00975 

0.2 -0.012 

-0.396 

+0.712 

+ 0.0065 

+ 0.0073 

+0.00933 

+ 0.00865 

+0.01305 

0.1 +0.323 

-0.331 

+ 0.901 

+0.0069 

-0.0052 

+0.01054 

+0.00342 

+ 0.01069 

0.0 +1.097 

0 

+ 1.000 

0 

-0.0428 

0 

0 

0 

j~ -0.100: 








1.6 -0.001 

-0.000 

-0.000 

-0.0005 

-0.0002 

-0.00028 

+ 0 00033 

+ 0.00003 

0.8 -0.047 

-0.054 

+0.053 

-0.0042 

-0.0007 

-0.00300 

+ 0.00609 

+ 0.00219 

0.4 -0.146 

-0.260 

+0.346 

-0.0009 

+ 0.0052 

+0.00017 

+ 0.01131 

+ 0.00913 

0.2 -0.029 

-0.385 

+0.698 

+ 0.0050 

+ 0.0063 

+0.00730 

+0.00750 

+0.01302 

0.1 +0.209 

-0.330 

+0.095 

+ 0.0056 

-0.0033 

+0.00870 

+0.00303 

+ 0.01100 

0.0 +1.064 

0 

+ 1.000 

0 

-0.0348 

0 

0 

0 



Edge Loads S09 

Table 9(c)—Edge Loads on Simply Supported Cylindrical Shell 


Shear Edge Load 


Moment Edge Load 


(a) Basic Formulas for n~l; for n=3 Substitute 


3 7T X 


Instead of 


7t a 

T 


Longitudinal Force JV X — 

Sl x Col. (9) X sin 

Shearing Force Nx *— 

Sl x Col. (10) X cos ~ 

Transverse Force N +— 

Sl X Col. (11) X sin 

Transverse Moment M +— 

Jt x 

Sl XIX Col. (12) X sin . 


Longitudinal Force — 

Ml X -j- X Col. (13) X sin 

Shearing Force — 

Mlx-X Col. (14) x cos 

t i 

Transverse Force N 
Mlx —X Col. (15) X Sin -J 
Transverse Moment — 
Mlx Col. (16) x sin — 


(6) n»=l 



Z/Tn ( 9 ) ( 10 ) ( 11 ) ( 12 ) ( 13 ) ( 14 ) ( 15 ) ( 16 ) 


~ = 0 . 002 : 

3.2 - 0.012 - 0.039 + 0.0084 + 0.0419 + 0.1022 + 0.0127 + 0.00503 - 0.001 

1.6 - 0.204 + 0.123 - 0.0368 - 0.2418 - 0.3372 - 0.0526 - 0.02517 + 0.075 

0.8 - 0.788 - 0.260 - 0.0180 - 0.1408 + 0.4747 - 0.0790 + 0,02973 + 0.534 

0.4 + 1.580 - 0.230 - 0.0607 + 0.0162 + 0.6238 + 0.0956 + 0.02863 + 0.761 

0.2 + 4.371 + 0.150 + 0.0701 + 0.0348 - 0.1552 + 0.1370 + 0.01205 + 0.872 

0.1 + 6.321 + 0.503 + 0.0491 + 0.0222 - 0.9661 + 0.1017 + 0.00382 + 0.932 

0.0 + 8.706 + 1.000 0 0 1 — 2.1686 0 0 + 1.000 
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Table 9 ( c )—( Contd .) 

(6) (Continued) 


Shear Edge Load Moment Edge Load 


, N, 

i/JTP (9) 

N,, N, 

(10) (11) 

(12) 

N, 

(13) 

(14) 

N, 

(15) 

(16) 

---0.003: 







3.2 + 0.000 

-0.036 +0.0098 

+ 0.0360 

+ 0.0904 

+ 0.0132 

+ 0.00529 

-0.002 

1.6 -0.205 

+0.113 -0.0421 

-0.2075 

-0.3010 

-0.0517 

-0.02790 

+ 0.066 

0.8 -0.665 

-0.261 -0.0160 

-0.1067 

+ 0.4217 

-0.0796 

+0.03239 

+ 0.493 

0.4 +1.451 

-0.219 {0.0697 

0.0260 

+ 0.5681 

+0.0942 

+0.03157 

+ 0.728 

0.2 +3.919 

+0.161 +0.0785 

1-0.0369 

-0.1315 

+0.1367 

+ 0.01334 

+0.852 

0.1 +5.642 

+ 0.510 +0.0546 

0.0227 

-0.8691 

+ 0.1019 

+ 0.00424 

+0.922 

0.0 ! 7.750 

+1.000 0 

0 

-1.9706 

0 

0 

+ 1.000 

^1=0.004: 







3.2 +0.008 

-0.033 +0.0108 

+ 0.0320 

4-0.0817 

+0.0134 

+0.00539 

-0.002 

1.6 -0.205 

+ 0.106 -0.0461 

-0.1849 

-0.2743 

-0.0502 

-0.02974 

+0.060 

0.8 -0.585 

-0.262 -0.0136 

-0.0851 

+0.3819 

-0.0794 

+ 0.033B6 

+ 0.462 

0.4 +1.366 

-0.208 +0.0771 

+0.0318 

+ 0.5264 

4-0.0918 

+ 0.03339 

+ 0.702 

0.2 +3.624 

+0.169 +0.0851 

+0.0378 

-0.1135 

+0.1348 

+0.01418 

+ 0.837 

0.1 +5.200 

+0.515 +0.0589 

+ 0.0227 

-0.7959 

+ 0.1008 

+0.00452 

+ 0.913 

0.0 +7.129 

+ 1.000 0 

0 

-1.8212 

0 

Q 

+ 1.000 

—-=0.006: 







3.2 +0.017 

-0,029 +0.0122 

+0.0265 

+0.0692 

+0.0134 

+0.00536 

-0.002 

1.6 - 0.202 

+0.094 - 0.0522 

-0.1554 

-0.2359 

-0.0467 

-0.03216 

+0.050 

0.8 —0.481 

-0.263 -0.0089 

-0,0585 

+0.3234 

-0.0780 

+0.03503 

+0,417 

0.4 +1.253 

-0.197 +0.089Q 

+ 0.0380 

+0.4651 

+0.0860 

+0.03538 

+0.664 

0.2 +3.240 

+0.182 +0.0955 

+0.0382 

-0.0872 

+0.1294 

+0.01514 

+0,814 

0.1 + 4.628 

+0.523 +0.0655 

+ 0.0224 

-0.6882 

+0.0975 

+0.00464 

+0.901 

0.0 + 6.328 

+ 1.000 0 

0 

-1.6010 

0 

0 

+ 1.000 


SVi 



( b ) (Continued) 


Edge Loads 

Table 9(c)—( Conti '.) 


m 


Shear Edoe Load Moment Edge Load 


J 

N* 



N* 


N # 


i / Ttl * 

( 9 ) 

(10) 

(11) (12) 

(13) 

(14) 

(15) 

(16) 

r l 

l * “ 

0.008: 







3.2 

-f 0.022 

-0.025 

; 0.0132 +0.0227 

+0.0605 

4-0.0132 

+0.00522 

-0.002 

1.6 

-0.199 

+ 0.084 

-0.0567 -0.1360 

-0.2087 

— 0.0432 

- 0.03372 

+ 0.043 

0.8 

-0.414 

-0.263 

-0.0042 -0.0422 

+ 0.2814 

—0.0763 

f-0.03497 

+ 0.385 

0.4 

f 1-177 

-0.187 

4-0.0988 +0.0410 

+0.4211 

f 0.0803 

+ 0.03618 

+ 0.637 

0.2 

+ 2.990 

4 0.191 

+ 0.1036 +0.0379 

—0.0676 

+ 0.1235 

i 0.01561 

f 0.796 

0.1 

+ 4.250 

+ 0.530 

+0.0707 +0.0218 

-0.6093 

+ 0.0937 

f 0.00501 

1-0.892 

0.0 

+ 5.810 

+ 1.000 

0 0 

-1.4397 

0 

0 

+ 1.000 

r t ( 

0.010: 







3.2 

+ 0.026 

-0.022 

+ 0.0138 f 0.0199 

+ 0.0539 

+ 0.0128 

-t-0.00503 

-0.002 

1.6 

-0.196 

4 0.076 

-0.0601 -0.1218 

-0.1880 

-0.0399 

-0.03485 

! 0.038 

0.3 

-0.365 

-0.262 

+ 0.0004 -0.0312 

1 0.2487 

-0.0746 

, 0.03426 

+ 0.359 

0.4 

+ 1.121 

-0.178 

+0.1071 +0.0425 

+ 0.3866 

4-0.0748 

+ 0-03637 

+0.614 

0.2 

+ 2.807 

+ 0.199 

+ 0.1105 +0.0372 

-0.0524 

4 0-1178 

4 0.01581 

4 0.783 

0.1 

+ 3.986 

+ 0.534 

H 0.0750 4-0.0212 

-0.5477 

+0.0899 

+ 0.00509 

+ 0.B84 

0.0 

+ 5.435 

+ 1.000 

0 0 

- 1.3134 

0 

0 

+ 1.000 

-0.015: 







3.2 

+ 0.030 

-0.016 

+0.0146 4 0.0149 

+ 0.0425 

+0.0119 

+ 0.00455 

-0.002 

1.6 

-0.187 

+ 0.059 

-0.0657 - 0.0980 

-0.1518 

-0.0325 

-0.03674 

+ 0.028 

0.8 

-0.284 

-0.260 

4 0.0112 -0.0145 

+ 0.1904 

-0.0708 

+0.03121 

+ 0.313 

0.4 

+ 1.023 

-0.160 

4 0.1242 +0.0435 

+ 0.3249 

4 0.0626 

+0.03557 

+0.573 

0.2 

+ 2.498 

+ 0.214 

+0.1242 4-0.0352 

-0.0252 

+ 0.1047 

i 0.01574 

+0.757 

0.1 

+ 3 . S 33 

+ 0.544 

+0.0836 +0.0197 

-0.4365 

+0.0811 

+0.00511 

+0.869 

0.0 

+4.811 

+ 1.000 

0 0 

-1.0849 

0 

0 

+ 1.000 
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Pres tressed Concrete Structures 
Table 9(c) — (Contd.) 


{b) (Continued) 


Shear Edge Load Moment Edge Load 


s 

&rt'P 

Nx 

(9) 

Nx, 

(10) 

N, 

(ID 

(12) 

Nx 

(13) 

Nx, 

(14) 

N, 

(15) 

M, 

(16) 

—-—-=0.020: 








3.2 

+ 0.031 

-0.011 

+ 0.0147 

+ 0.0116 

+ 0.0352 

+ 0.0111 

+ 0.00412 

-0.002 

1.6 

-0.178 

I 0.047 

-0.0689 

-0.0825 

-0.1279 

-0.02 64 

-0.03805 

+0.022 

0,8 

0.233 

-0.257 

+ 0.0212 

-0.0052 

+ 0.15)0 

-0.0676 

! 0.02741 

+0.281 

0.4 

+ 0.957 

-0.146 

+ 0.1381 

+ 0.0428 

] 0.2824 

+ 0.0523 

+ 0.03331 

+ 0.544 

0.2 

+2.297 

4-0.225 

+ 0.1350 

+ 0.0331 

-0.0060 

+ 0.0934 

+ 0.01527 

+ 0.738 

0.1 

+ 3.241 

+ 0.550 

+ 0.0902 

+ 0.0183 

-0.3599 

+ 0.0735 

+ 0.00500 

+0.859 

0.0 

-I 4.410 

+ 1.000 

0 

0 

-0.9265 

0 

0 

+ 1.000 

r i 

0.025: 








3.2 

+ 0.031 

-0.008 

+ 0.0143 

+ 0.0092 

+ 0.0301 

+ 0.0103 

+ 0.00376 

-0.001 

1.6 

-0.170 

-I 0.036 

-0.0705 

-0.0715 

-0.1107 

-0.0213 

-0.03912 

+ 0.017 

0.8 

-0.197 

-0.253 

+ 0.0305 

+ 0.0005 

+ 0.1221 

-0.0649 

+ 0.02345 

+ 0.257 

0.4 

! 0.906 

-0.135 

■1- 0.1499 

+ 0.0416 

+ 0.2507 

+0.0436 

+0.03181 

+ 0.521 

0.2 

-1-2.150 

+ 0.234 

-0.1440 

+ 0.0312 

+ 0.0067 

+ 0.0830 

+ 0.01466 

+ 0.723 

0.1 

I 3.029 

+0.556 

+ 0.0958 

+ 0.0170 

-0.3028 

+ 0.0670 

+ 0,00484 

+ 0.850 

0.0 

+ 4.123 

+ 1.000 

0 

0 

-0.8076 

0 

0 

+ 1.000 

r t 

Ji 

0.030: 








3.2 

+0.030 

-0.005 

+ 0.0137 

4 0.0073 

+ 0.0263 

+ 0.0096 

+0.00345 

-0.001 

1.6 

-0.163 

+ 0.028 

-0.0712 

-0.0630 

-0.0976 

-0.0170 

-0.04002 

+ 0.013 

0.8 

-0.169 

-0.250 

+0.0392 

+0.0044 

+ 0.0998 

-0.0627 

+ 0.01962 

+0.237 

0.4 

+0.866 

-0.125 

+0.1604 

+0.0402 

+0.2259 

+ 0.0360 

+ 0.02977 

+ 0.502 

0.2 

+ 2.035 

+ 0.242 

+0.1518 

+0.0294 

+0.0171 

+ 0.0754 

+ 0.01401 

+ 0.710 

0.1 

+2.866 

+ 0.560 

+ 0.1005 

+ 0.0159 

-0.2581 

+0.0613 

+0.00467 

+ 0.843 

0.0 

+ 3.902 

+ 1.000 

0 

0 

-0.7141 

0 

0 

+ 1.000 



(b) (Continued) 


Edge Loads 

Table 9(c) —( Conid .) 
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Shear Edge Load Moment Edge Load 


5 

N* 

Nr* 


M* 

Nr 

Nr* 

N* 


t/fiT* 

( 9 ) 

( 10 ) 

(in 

( 12 ) 

( 13 ) 

( 14 ) 

( 15 ) 

( 16 ) 

-Li —i 
/ a 

0 . 040 ; 








3.2 

+ 0.028 

+ 0.000 

+ 0.0120 

+ 0.0047 

+ 0.0210 

+ 0.0085 

+ 0.00297 

- 0.000 

1.6 

- 0.150 

+ 0.014 

- 0.0704 

- 0.0507 

- 0.0787 

- 0.0100 

- 0.04169 

+ 0.008 

0.8 

- 0.131 

- 0.242 

+ 0.0550 

-! 0.0088 

+ 0.0678 

- 0.0589 

+ 0.01218 

+ 0.208 

0.4 

+ 0.804 

- 0.109 

+ 0.1781 

+ 0.0372 

+ 0.1887 

+ 0.0238 

+ 0.02556 

+ 0.473 

0.2 

+ 1.866 

+ 0.253 

+ 0.1648 

+ 0.0263 

+ 0.0315 

+ 0.0615 

+ 0.01258 

+ 0.690 

0.1 

+ 2.625 

+ 0.567 

+ 0.1085 

+ 0.0140 

- 0.1925 

+ 0.0517 

+ 0.00426 

+ 0.831 

0.0 

+ 3.580 

+ 1.000 

0 

0 

- 0.5749 

0 

0 

+ 1.000 

-JT“— 1 

0 . 060 ; 








3.2 

+ 0.023 

+ 0.005 

+ 0.0081 

+ 0.0017 

+ 0.0151 

+ 0.0070 

+ 0.00225 

- 0.001 

1.6 

- 0.130 

- 0.005 

- 0.0646 

- 0.0359 

- 0.0563 

- 0.0007 

- 0.04437 

+ 0.001 

0 .B 

- 0.085 

- 0.230 

+ 0.0822 

+ 0.0122 

+ 0.0302 

- 0.0533 

- 0.00023 

+ 0.170 

0.4 

+ 0.718 

- 0.086 

+ 0.2059 

+ 0.0319 

+ 0.1416 

+ 0.0065 

+ 0.01821 

+ 0.431 

0.2 

+ 1.647 

+ 0.269 

+ 0.1850 

+ 0.0216 

+ 0.0474 

+ 0.0415 

+ 0.01001 

+ 0,661 

0.1 

+ 2.321 

+ 0.575 

+ 0.1207 

+ 0.0112 

- 0.1122 

+ 0.0378 

+ 0.00352 

+ 0.814 

0.0 

+ 3.179 

+ 1.000 

0 

0 

- 0.4003 

0 

0 

+ 1.000 

r t 

l * “ 

0 . 080 : 








3.2 

+ 0.018 

+ 0.008 

+ 0.0044 

+ 0.0002 

+ 0.0118 

+ 0.0061 

+ 0.00166 

- 0.000 

1.6 

- 0.114 

- 0.018 

- 0.0564 

- 0.0271 

- 0.0433 

+ 0.0050 

- 0.04634 

- 0.002 

0.8 

- 0.060 

- 0.218 

+ 0.1045 

+ 0.0128 

+ 0.0100 

- 0.0491 

- 0.00982 

+ 0,146 

0.4 

+ 0.659 

- 0.071 

+ 0.2273 

+ 0.0277 

+ 0.1128 

- 0.0047 

+ 0.01226 

+ 0,402 

0.2 

+ 1.506 

+ 0.278 

+ 0.2004 

+ 0.0182 

+ 0.0549 

+ 0.0280 

+ 0.00787 

+ 0.639 

0.1 

+ 2.130 

+ 0.580 

+ 0.1301 

+ 0.0093 

- 0.0654 

+ 0.0283 

+ 0.00289 

+ 0.801 

0.0 

+ 2.931 

+ 1.000 

0 

0 

- 0.2949 

0 

0 

+ 1.000 



314 


Prestressed Concrete Structures 


(6) (Conclude) 


Table 9(c) —( Concld .) 


Shear Edge Load Moment Edge Load 


5 

Nx 

(9) 

N„ # 

(10) 

(id 

u 4 

(12) 

Nx 

(13) 

Nx # 

(14) 

N< 

(15) 

M 4 

(16) 

',‘=0.100: 








3.2 

-1-0.015 

1-0.009 

1-0.0014 

-0.0006 

-f-0.009 7 

+0.0056 

+0.00110 

-0.000 

1.6 

-0.102 

-0.026 

-0.0474 

-0.0214 

-0.0347 

-t-0 0086 

-0.04764 

-0.004 

0.8 

— 0.045 

-0.209 

+0.1231 

-1-0.0126 

-0.0027 

-0.0456 

— 0.01715 

+ 0.128 

0.4 

+0.614 

-0.059 

I 0.2446 

1-0.0243 

rO.0922 

-0.0123 

f 0.00751 

+ 0.380 

0.2 

4-1.406 

-I 0.285 

[-0.2129 

1-0.0156 

+0.0578 

+0.0183 

1-0.00611 

+ 0.622 

0.1 

+ 1.995 

I 0.583 

1-0.1378 

+ 0.0078 

-0.0360 

[-0.0213 

f 0.00237 

h 0.7 90 

0.0 

+ 2.760 

f 1.000 

0 

0 

-0.2250 

0 

0 

+ 1.000 




Edge Loads 

Table 9 ( d ) 


m 


Shear Edge Load 


Moment Edge Load 


(c) n=3 



+—= 0 . 002 : 


1.6 

+ 0.082 

+ 0.015 

+ 0.0153 

+ 0.0020 

+ 0.0364 

+ 0.0312 

- 0.00623 

- 0.014 

0,8 

- 0.309 

- 0.009 

- 0.0737 

- 0.0861 

- 0.1255 

- 0,0620 

- 0.02633 

+ 0.069 

0.4 

- 0.069 

- 0.278 

+ 0.0506 

+ 0.0107 

4 0.2392 

- 0.0438 

4 0.03600 

+ 0.352 

0.2 

+ 1.288 

- 0.082 

+ 0.1401 

! 0.0436 

4 0.2567 

I 0.0734 

+ 0.03054 

+ 0.601 

0.1 

+ 2.610 

+ 0.298 

4 0.1229 

+ 0.0304 

- 0.0956 

+ 0.0961 

40.01249 

+ 0,775 

0.0 

+ 4.553 

+ 1.000 

0 

0 

- 0.9839 

0 

0 

+ 1.000 

r t 

l r “ 

0 . 003 : 








1.6 

4 0.066 

+ 0.020 

+ 0.0111 

- 0.0019 

4 0.0287 

! 0.0267 

- 0.00637 

- 0,011 

0.8 

- 0.267 

- 0.027 

- 0,0723 

- 0.0638 

- 0.1024 

- 0 . 01-86 

- 0.03020 

+ 0.05 

0.4 

- 0.024 

- 0.267 

+ 0.0697 

0.0174 

+ 0.1734 

- 0.0444 

40.02937 

4 - 0.306 

0.2 

+ 1.157 

- 0.061 

-i 0.1609 

4 - 0.0406 

40.2128 

+ 0,0560 

+ 0.02767 

+ 0.562 

0.1 

+ 2.312 

+ 0.313 

+ 0.1378 

+ 0.0272 

- 0.0527 

4 0.0796 

4 0.01165 

4 - 0,750 

0.0 

+ 4.028 

j - 1.000 

0 

0 

- 0.7678 

0 

0 

+ 1.000 

r t 
/2 

= 0 . 004 : 








1.6 

+ 0.054 

+ 0.023 

+ 0.0071 

- 0.0039 

+ 0.0242 

+ 0.0236 

- 0.00633 

+ 0.008 

0.8 

- 0.237 

- 0.039 

- 0.0686 

- 0.0503 

- 0.0878 

- 0.0386 

- 0,03359 

+ 0.039 

0.4 

+ 0.002 

— 0.256 

+ 0.0860 

4 - 0.0199 

+ 0.1311 

- 0.0449 

+ 0.02933 

+ 0.274 

0.2 

+ 1.069 

- 0.046 

1 - 0.1774 

+ 0.0376 

+ 0.1835 

+ 0.0425 

+ 0.02458 

+ 0.534 

0.1 

+ 2.119 

+ 0.323 

4 0.1494 

+ 0.0244 

- 0.0253 

+ 0.0667 

+ 0.02008 

+ 0.732 

0.0 

+ 3.694 

+ 1.000 

0 

0 

- 0.6246 

0 

0 

4 1.000 


316 Prestressed Concrete Structures 

Table 9 ( d ) — (Contd.) 

(t) (Continued) 


Shear Edge Load Moment Edge Load 


Ratio 

N * 


N , 

M , 

N * 

Ns , 

N , 



( 9 ) 

( 10 ) 

(ID 

( 12 ) 

( 13 ) 

( 14 ) 

( 15 ) 

06 ) 

rt 

1% 

0 . 006 : 








1.6 

4 - 0.038 

+ 0.025 

+ 0.0003 

- 0.0055 

+ 0.0190 

+ 0.0195 

+ 0.00617 

- 0.006 

0.0 

- 0.196 

- 0.055 

- 0.0583 

- 0.0344 

- 0.0695 

+ 0.0247 

+ 0.03921 

+ 0.025 

0.4 

+ 0.030 

- 0.239 

+ 0.1132 

-I 0.0210 

+ 0.0798 

+ 0.0452 

+ 0.01138 

+ 0.232 

0.2 

+ 0.950 

- 0.024 

+ 0.2032 

+ 0.0322 

+ 0.1453 

+ 0.0231 

+ 0.01888 

+ 0.495 

0.1 

+ 1,871 

+ 0,337 

+ 0.1674 

+ 0.0202 

+ 0.0074 

-1 0.0477 

+ 0.00882 

+ 0.706 

0.0 

+ 3.277 

+ 1.000 

0 

0 

- 0.4429 

0 

0 

+ 1.000 

r t 

0 . 008 : 








1.6 

+ 0.027 

+ 0.024 

- 0.0048 

- 0.0059 

+ 0.0160 

+ 0.0170 

- 0.00614 

- 0.005 

0.8 

- 0.168 

- 0.064 

- 0.0468 

- 0.0253 

- 0.0381 

- 0.0158 

- 0.04352 

+ 0.016 

0.4 

+ 0.043 

- 0.226 

+ 0.1354 

r 0.0203 

+ 0.0499 

- 0.0450 

+ 0.00214 

+ 0.205 

0.2 

+ 0.871 

- 0.009 

+ 0.2231 

+ 0.0280 

+ 0.1208 

+ 0.0099 

+ 0.01408 

+ 0.467 

0.1 

+ 1.713 

+ 0.346 

■1 0.1811 

+ 0.0171 

+ 0.0253 

+ 0.0345 

+ 0.00720 

+ 0.686 

0.0 

+ 3.018 

+ 1.000 

0 

0 

- 0.3316 

0 

0 

+ 1.000 

r t 

n n l n . 








~l » “ 

w.VJ 1 u . 








1.6 

+ 0.020 

+ 0.023 

- 0.0084 

- 0.0058 

+ 0.0139 

+ 0.0152 

- 0.00623 

- 0.004 

0.8 

- 0.147 

- 0.070 

- 0.0353 

- 0.0196 

- 0.0500 

- 0.0096 

- 0.04672 

+ 0.011 

0.4 

+ 0.050 

- 0.214 

+ 0.1539 

+ 0.0190 

+ 0.0308 

- 0.0443 

- 0.00521 

+ 0.184 

0.2 

+ 0.812 

+ 0.002 

+ 0.2394 

+ 0.0247 

+ 0.1032 

+ 0.0006 

+ 0.01013 

+ 0.445 

0,1 

+ 1.599 

+ 0.352 

+ 0.1924 

+ 0.0147 

+ 0,0359 

+ 0,0249 

+ 0,00584 

+ 0.671 

0.0 

+ 2638 

+ 1.000 

0 

0 

- 0.2567 

0 

0 

+ 1.000 



( c ) ( Continued ) 


Edge Loads 

Table 9(d)— (Contd.) 
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Shear Edge Load Moment Edoe Load 


N * 

Ratio 

N * # 


M , 

Nx 

N * # 



( 9 ) 

( 10 ) 

( 11 ) 

( 12 ) 

( 13 ) 

( 14 ) 

( 15 ) 

( 16 ) 


= 0 . 015 : 


1.6 

+ 0.009 

+ 0.017 

- 0.0127 

- 0.0049 

+ 0.0104 

+ 0.0124 

- 0.00668 

- 0.003 

0.8 

- 0.114 

- 0.076 

- 0.0097 

- 0.0118 

- 0.0366 

- 0.0007 

- 0.05099 

+ 0.003 

0.4 

+ 0.055 

- 0.193 

+ 0.1888 

+ 0.0157 

+ 0.0054 

- 0.0415 

- 0.01754 

+ 0.150 

0.2 

+ 0.710 

+ 0.019 

+ 0.2698 

+ 0.0187 

+ 0.0749 

- 0.0130 

+ 0.00308 

+ 0.406 

0.1 

+ 1.415 

+ 0.359 

+ 0.2138 

+ 0.0107 

f 0.0469 

+ 0.0098 

+ 0.00336 

+ 0.642 

0.0 

+ 2.560 

+ 1.000 

0 

0 

- 0.1481 

0 

0 

+ 1.000 

r t 

= 0 . 020 : 








1.6 

+ 0.004 

+ 0.012 

- 0.0131 

- 0.0039 

+ 0.0081 

+ 0.0104 

- 0.00702 

- 0.002 

0.8 

- 0.094 

- 0.077 

+ 0.0103 

- 0.0081 

- 0.0282 

+ 0.0036 

- 0.05168 

- 0.001 

0.4 

+ 0.051 

- 0.179 

+ 0.2123 

+ 0.0130 

- 0.0060 

- 0.0379 

- 0.02428 

+ 0.127 

0.2 

+ 0.642 

+ 0.026 

+ 0.2910 

+ 0.0150 

+ 0.0575 

- 0.0192 

- 0.00126 

+ 0.377 

0.1 

+ 1.301 

+ 0.360 

+ 0.2295 

+ 0.0083 

+ 0.0486 

+ 0.0018 

+ 0.00176 

+ 0.620 

0.1 

+ 2.401 

+ 1.000 

0 

0 

- 0.0928 

0 

0 

+ 1.000 

r t 

/* 

0 . 025 : 








1.6 

+ 0.002 

+ 0.009 

- 0.0118 

- 0.0031 

+ 0.0065 

+ 0.0088 

- 0.00706 

- 0.002 

0.8 

- 0.080 

- 0.076 

+ 0.0252 

- 0.0061 

- 0.0223 

+ 0.0059 

- 0.05036 

- 0.003 

0.4 

+ 0.045 

- 0.170 

+ 0.2284 

+ 0.0109 

- 0.0114 

- 0.0342 

- 0,02778 

+ 0.111 

0.2 

+ 0.592 

+ 0.028 

+ 0.3066 

+ 0.0124 

+ 0.0457 

- 0.0220 

- 0.00395 

+ 0.356 

0.1 

+ 1.223 

+ 0.357 

+ 0.2418 

+ 0.0067 

+ 0.0470 

- 0.0028 

+ 0,00071 

+ 0.603 

0.0 

+ 2.301 

+ 1.000 

0 

0 

- 0.0614 

0 

0 

+ 1.000 
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Table 9(d)— 

( c ) ( Continued ) 

■( Contd .) 


Shear Edge Load 


Moment 

Edge Load 

N * N x , N , 


Nx Nx * 


Ratio 

( 9 ) ( 10 ) ( 11 ) 

( 12 ) 

( 13 ) ( 14 ) 

( 15 ) ( 16 ) 


= 0 . 030 : 


1.6 

+ 0.000 

+ 0.006 

- 0.0099 - 0.0025 

-{ 0.0053 

+ 0.0076 

- 0.00683 

- 0.001 

0.8 

- 0.071 

- 0.073 

+ 0.0358 - 0.0049 

- 0.0179 

+ 0.0071 

- 0.04799 

- 0.004 

0.4 

+ 0.039 

- 0.163 

+ 0.2392 { 0.0092 

- 0.0140 

- 0.0307 

- 0.02938 

- 1 - 0.099 

0.2 

-f 0.533 

+ 0.027 

+ 0.3183 + 0.0106 

+ 0.0372 

- 0.0229 

- 0.00563 

+ 0.338 

0.1 

4 - 1.165 

+ 0.353 

+ 0.2516 + 0.0057 

-I 0.0443 

- 0.0054 

+ 0.00002 

+ 0.588 

0.0 

+ 2.233 

+ 1.000 

0 0 

- 0.0424 

0 

0 

4 ] .000 

rt 

l * “ 

0 . 040 : 







1.6 

- 0.001 

+ 0.003 

- 0.0065 - 0.0017 

+ 0.0037 

-i 0.0056 

- 0.00595 

- 0.001 

0.8 

- 0.058 

- 0.068 

-1 0.0483 - 0.0036 

- 0.0119 

+ 0.0080 

- 0.04220 

- 0.006 

0.4 

-{ 0,026 

- 0.154 

+ 0.2511 -{ 0.0069 

- 0.0156 

- 0.0248 

- 0.02964 

+ 0.081 

0.2 

- 1 - 0.494 

| 0.021 

-1 0.3343 -‘ 0.0082 

+ 0.0258 

- 0.0224 

- 0.00724 

+ 0,310 

0.1 

+ 1.083 

+ 0.340 

1 - 0.2668 + 0.0043 

+ 0 . 03 B 1 

- 0.0078 

- 0.00072 

+ 0.565 

0.0 

+ 2.150 

+ 1.000 

0 0 

- 0.0223 

0 

0 

+ 1.000 

r t 

7 * 

- 0 . 060 : 







1.6 

- 0.001 

+ 0.000 

- 0.0023 - 0.0009 

+ 0.0021 

+ 0.0031 

- 0.00397 

- 0.001 

0.8 

- 0.046 

- 0.050 

+ 0.0549 - 0.0025 

- 0.0057 

+ 0.0077 

- 0.03157 

- 0.006 

0.4 

+ 0.005 

- 0.146 

4 0.2546 40.0043 

- 0.0142 

- 0.0165 

- 0,02659 

+ 0.058 

0.2 

+ 0.415 

+ 0.003 

+ 0.3503 + 0.0057 

+ 0.0141 

- 0.0189 

- 0.00797 

+ 0.271 

0.1 

+ 0.983 

+ 0.314 

+ 0.2867 + 0.0030 

+ 0.0282 

- 0.0084 

- 0.00133 

+ 0.530 

0.0 

+ 2.076 

+ 1.000 

0 0 

- 0.0081 

0 

0 

+ 1.000 





Edge Loads 31$ 

Table 9(d) — (Condd.) 

(c) (Conclude) 


Shear 

Edge Load 



Moment Edge Load 


N* 

Ratio 

N*, 

N, 


N* N,, N* 


(9) 

(10) 

(11) 

(12) 

(13) (14) (15) 

(16) 


r t 

/* “ 

0.080: 








1 6 

-0.001 

-0.000 

-0.0007 

-0.0005 

+0.0013 

+ 0.0020 

-0.00259 

-0.000 

0.0 

-0.038 

-0.050 

+ 0.0527 

-0.0020 

-0.0029 

+0.0068 

-0.02401 

-0.006 

0.4 

-0.010 

-0.141 

+0.2485 

+ 0.0029 

—0.0121 

-0.0115 

-0.02306 

+ 0.044 

0.2 

+ 0.362 

-0.015 

+ 0.3569 

f 0.0044 

-! 0.0084 

-0.0158 

-0.00764 

i 0.244 

0.1 

+ 0.019 

+ 0.289 

+ 0.2997 

+ 0.0024 

*-0.0218 

— 0.00 78 

-0.00145 

+ 0.505 

0.0 

+ 2.045 

+ 1.000 

0 

0 

-0.0037 

0 

0 

+ 1.000 

r t 

/ a 

0.100: 








1.6 

-0.001 

-0.000 

-0.0001 

-0.0003 

l 0.0008 

1-0.0013 

-0.00173 

-0.000 

0.8 

-0.033 

-0.043 

1-0.0484 

-0.0016 

-0.0015 

+ 0.0059 

-0.01878 

-0.006 

0.4 

-0.020 

-0.138 

+ 0.2398 

+ 0 0021 

- -0.0104 

-0.0084 

-0.02088 

+ 0.035 

0.2 

+0.323 

-0.030 

+ 0.3594 

+ 0.0036 

+ 0.0051 

-0.0135 

- 0.00706 

+ 0,224 

0.1 

+ 0.872 

+ 0.268 

+ 0.3091 

+ 0.0020 

+ 0.0174 

-0.0072 

-0 00135 

+ 0.485 

0,0 

+ 2.020 

+ 1.000 

0 

0 

-0.0020 

0 

0 

+ 1.000 


jsfote : Tables 4 to 9 are reproduced from ASCE Manual 31 with the permission of 
the American Society of Civil Engineers, 
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